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ABSTRACT
This thesis presents a study on the modification of titanium dioxide (TiO2)
nanoparticle preparation through two hydrolysis routines: sol – gel and hydrothermal
and the use of dopants for dye-sensitized solar cell (DSSC) application. Certain TiO2
characteristics, such as particle size, morphology, surface area, and phase structure,
are crucial for obtaining superior power conversion efficiency in dye sensitized solar
cells. Due to the agglomeration problem of the sol – gel process, this method has
been found to make it difficult to control particle sizes with high surface area. In this
work, we report a simple approach to improve the DSSC by controlling the degree of
aggregation through zeta potential analysis. We found that different aqueous
colloidal conditions, i.e., potential of hydrogen (pH), water/titanium alkoxide
(titanium isopropoxide) ratio, and surface charge, obviously led to different particle
sizes in the range of 10 to 500 nm. The stable sol solution was used for the blocking
layer as well. Power conversion efficiency of 7.15% was obtained by using anatase
TiO2 optimised to 10-20 nm in particle size with a compact blocking layer and a
scattering layer. The scattering layer was made of particles with an average size of
100-200 nm, which were obtained through the sol – gel method by controlling the
reaction parameters.
Using the stable sol solution, one-dimensional (1D) TiO2 nanostructures were
prepared using the electrospinning method to verify their potential for use as the
photoelectrode of DSSCs. The achieved 1D mesoporous nanofibers were 100 nm in
diameter and 10-20 µm in length, and were composed of aggregated anatase
nanoparticles 20-30 nm in size. The employment of these novel 1D mesoporous
nanofibers significantly improved the dye loading and light scattering of the DSSC
photoanode, and resulted in conversion cell efficiency of 6.64%, corresponding to a
~65% enhancement over the Degussa P25 reference photoanode. Electrochemical
impedance spectroscopy was used to investigate the electron transfer through the
photoanode, and it showed improved charge transport and electron diffusion through
the electrospun TiO2 nanofibers.
The effects of phase structure on the photovoltaic performance were also
investigated. To investigate the phase structure effects, it is very important to have
the different phase structures in the same particle sizes. In this work, we controlled
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the phase transfer rate by controlling the synthesis parameters. The obtained
nanoparticles were of the same size, but with different phase structures. The
nanoparticles containing 75% anatase phase with 25% brookite phase showed the
best photovoltaic performance, with power conversion efficiency of 6.8 % for
operation with a TiO2 blocking layer.
The hydrothermal synthesis method was used to synthesize oriented, single
crystalline, one-dimensional TiO2 nanostructures. In this study, a precisely controlled
procedure was used to synthesize 3D dendritic and 1D TiO2 nanostructures by tuning
the hydrolysis rate of the titanium precursor. Based on this innovation, oriented 1D
rutile TiO2 nanostructure arrays with continually adjustable morphologies, from
nanorods (NRODs) to nanoribbons (NRIBs), and then nanowires (NWs), as well as
transition state morphologies, were successfully synthesized. The photovoltaic
performance tests showed that the photoanode constructed from the oriented NRIB
arrays possessed not only a high surface area for sufficient dye loading and better
light scattering in the visible light range than for the other morphologies, but also a
wider band-gap and a higher conduction band edge, with more than 200%
improvement in power conversion efficiency in dye-sensitized solar cells (DSSCs)
compared with the NROD morphology.
Titanium dioxide nanoparticles doped with nitrogen were prepared through the
sol – gel method. Compared to undoped pure anatase titanium dioxide nanoparticles
with the same particle size, the nitrogen doped titanium dioxide showed improved
photovoltaic performance. Electrochemical impedance spectroscopy of cells with Ndoped TiO2 and pure TiO2 indicated that the charge transport of the photoelectrode
was improved after doping with nitrogen. As a result, a photoelectric conversion
efficiency of 6.8% was obtained for N doped TiO2 photoanode.
In summary, the results show the systematic influence that the synthesis
conditions have on the crystalline structure of titanium dioxide in such aspects as
particle size, phase structure, surface area, and morphology. Greater attention to the
synthesis of TiO2 for DSSCs showed how significantly the synthesis conditions can
improve the photovoltaic performances.
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1 PHOTOVOLTAIC SOLAR CELLS
1.1

Introduction
Technological development and economic growth is largely dependent on the

availability of adequate energy sources. World energy consumption is currently at 13
TW and is expected to increase by a further 10 TW by 2050 [1]. The main sources of
this energy are fossil fuels – oil, natural gases and coal. For many years, the
depletion of these fossil fuel resources associated with our continually increasing
energy demand has been a cause for great concern in planning our future energy
requirements. Our use of electrical energy, as one of the most useful forms of energy,
is also forecast to expand by a further 50 percent by 2030 [2, 3]. A possible solution
to this huge energy demand is to switch to renewable energy sources such as solar
energy and photovoltaics (PV).
Solar power is a clean and abundant worldwide source of energy. The sun
provides 1017 watts of energy to the earth per year, which is about 10000 times more
than the present rate of the world’s energy consumption. In other words, covering
0.1% of the earth’s surface with solar cells with an efficiency of just 10% would
satisfy our present energy needs [4, 5]. Photovoltaic cells are being increasingly used
to tap into this huge resource and will play a key role in future sustainable energy
systems. In 2008 solar PV sales reached a record high, with an increase of 5.7 GW
installed capacity, while thin film PV sales grew, on average, by over 80%, reaching
400MW of total PV production in 2007 [6]. The high growth rate of PV production
clearly demonstrates the increasing acceptance of the dye-sensitized solar cell
(DSSC) as an important type of thin-film photovoltaic Cell.
In this chapter we review the state of the art of photovoltaic technologies and, in
particular, DSSCs. Also, the structure and operating mechanisms of DSSCs will be
discussed in detail, and finally, the main objectives of this work will be presented.

1

Figure 1-1: Annual PV production capacities of different technologies [7].

1.1.1

A brief history of photovoltaic technology

The history of the photovoltaic effect dates back to 1839 when a French
scientist, Edmond Becquerel, observed that an electric current is produced from
certain light induced chemical reactions [8]. His observation of the electric potential
generated between the two Pt electrodes coated with AgCl or AgBr inserted into an
acidic liquid solution upon light irradiation (as in Figure 1-2) gives us the basis for
the conversion of solar energy into electricity [9].

Figure 1-2: Diagram of the cell used by Becquerel in 1839 [9].

In 1876 the next notable development in photovoltaics arose from the
observation of the effect of light on selenium [10]. Adam and Day carefully
2

investigated the generation of internal voltage in a sample, as shown in Figure 1-3.
They were examining the sample to find out if it would be possible to produce a
current in the selenium by irradiating with light. The equipment proved to be
successful, and they were the first to demonstrate the photovoltaic effect in a solid
system.

Figure 1-3: System used by Adam and Day (1876) [9, 10].

Their study led to the invention of the first working solar cell a decade later, in
1883, by the American inventor Charles Fritts [11]. He made the first solar cell from
selenium wafers coated with a very thin layer of gold (as shown in Figure 1-4). The
cell had a conversion efficiency of less than 1% and can be thought of as the first thin
film photovoltaic cell.

Figure 1-4: Thin film selenium device designed by Fritts in 1883 [9].

Following this discovery, many other investigations were made in this field
through the 19th century. Max Planck described the spectral distribution of solar
energy through his Planck’s law in 1901 [12]. Four years later, Albert Einstein
published a paper on the theory of the “photoelectric effect” describing the “light
quanta” (which were later called photons) and showed how they could explain the
photoelectric effect [13] – this work won him the Nobel Prize in 1921. In 1916
Robert Millikan experimentally proved Einstein’s theory of the photoelectric effect
[14] – and was also awarded the Nobel prize in 1923 for measuring the charge of the
electron and verifying Einstein’s prediction. Meanwhile, Jan Czochralski developed
3

the “Czochralski method” for the measurement of the crystallisation rate of metals in
1918 [15, 16].
In 1927, Grondahl made a copper-cuprous oxide junction, a prototype of
Schottky barrier devices [17], as shown in Figure 1-5. This barrier layer was later
studied by Walter Schottky, Neville Mott and others in the 1930s [18] who
developed metal-semiconductor junctions.

Figure 1-5: Grondahl copper-cuprous oxide photovoltaic cell (1927) [9].

The photovoltaic effect in cadmium sulphide (CdS) was discovered in 1932 and
led the way to II-VI solar cells [19]. In the 1950s, with the development of silicon
technology and the use of the “Czochralski method”, Bell laboratories grew the first
single germanium crystals and produced the first germanium solar cell in 1955. The
solar era had begun. Fuller et al, also at Bell laboratories, developed the first high
power silicon PV cell, from which Chapin achieved almost 6% efficiency in the mid
1950s [20]. These p-n junction structures produced much better rectifying action than
Schottky barriers, and today they reach the record level of 25% [21]. Silicon became
dominant in solar cell technology due to the availability of highly purified Si and the
fact that the semiconductor industry was already producing this high quality Si in
large quantities. After these initial developments, a great deal of progress occurred in
the fabrication of p-n junction devices with CdS, GaAs, InP and CdTe, however, the
cost associated with the production of this photo-electricity was so high that it was
exclusively used in space applications until about the mid 1970s. In the mid 1970s,
the energy crisis forced the realization of the limitations of our fossil fuel resources
and a renewed interest in solar energy as an alternative energy source. It was during
this period that the second generation of solar cells were developed, such as
polycrystalline and amorphous silicon, thin film depositsed of silicon, CdTe, CuInSe2
and Cu(In, Ga)Se2 as well as devices utilising multijunction cell technology. This
new generation of devices was also able to solve many of the major problems
4

inherent in the first solar cell generation. One of their major advantages was the
lower manufacturing costs when compared to silicon devices, as the semiconductor
materials can be deposited onto large surfaces to be used in mass production. Also, a
direct band-gap material can be used, which increases the efficiency of the device
while the deposition thickness required is less than 1 µm, which means that 100-1000
times less material is needed compared to Si. It was from this point that the solar
cells found applications in costumer electronics and small scale remote residential
power systems, as well as in communication and signalling. In the 1990s, new
concepts were introduced and developed, giving birth to the so called third
generation technologies, which include dye-sensitized solar cells, polymer solar
cells, and nanocrystalline solar cells. These are different from the classical p-n
junctions and offer a practical new alternative for low cost solar cell production.
The photovoltaic market has exceeded 200 MW per year since 2003-4, and the
market growth has been between 15% and 20% in the last decade [22]. Current
research on silicon substrates is now more concentrated on thin-film crystalline
silicon (about 5–30 μm active layer thickness), which avoids the costly crystal
growing and sawing processes [23]. The main problems associated with this
generation of devices are with capturing enough light, assuring good crystal quality
and purity of the films, and finding a substrate that fulfils all the necessary
requirements [24]. The direct band-gap thin-film materials are characterised by very
high light absorption, while having a thickness of only 1 μm or less. Other inorganic
materials which have used for photovoltaic devices are copper indium diselenide
(CIS) and cadmium telluride. “The interest has expanded from CuInSe2 to CuGaSe2,
CuInS2 and their multinary alloys Cu(In,Ga)(S,Se)2. All belong to the so-called
second generation solar cells” [25]. The laboratory efficiency of these devices has
reached 19% for small area modules and 12% for large area modules [26]. Based on
solid-state physics considerations silicon is not the perfect material for photovoltaic
applications. The reason is that there is a small spectral mismatch between the
absorption of the semiconductor and the sunlight spectrum. A much more important
point is that silicon is an indirect semiconductor, and light absorption is much weaker
in an indirect gap semiconductor than in a direct band gap semiconductor. One way
to explain this difference in efficiency is that in order to achieve 90 % light
absorption, it takes only 1 μm of GaAs (a direct semiconductor) versus 100 μm of Si.
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The photogenerated carriers have to reach the p-n junction to get separated in the
electric field, which is near the front surface. The diffusion length of minority
carriers has to be 200 μm or at least twice the silicon thickness. Thus, the material
has to be of very high purity and of high crystalline perfection. Due to these physical
limitations, there has been great effort to investigate new materials. Consequently,
requirements for the ideal solar cell material are a band-gap between 1.1 and 1.7 eV
and a direct band structure. Furthermore the material should be readily available,
non-toxic, and only require reproducible deposition techniques, which are suitable
for large area production. In addition to the search for new inorganic semiconductor
materials, other device geometries have also been developed for the purpose of light
to electron conversion, such as various concentrating systems including III/V-tandem
cells [24]. All of these have become a driving force for the development of new
photovoltaic materials to reduce the manufacturing costs of photovoltaic cells and
modules. There are two practical ways to reduce PV module prices - improvement of
performance (high efficiency strategy - W/m2) and reduction of direct manufacturing
costs (low efficiency strategy - $/m2). Following the high efficiency strategy, the
efficiency of the solar cell can be increased to a certain point by developing the
manufacturing methods and using high technology materials and device engineering
as with silicon solar cells. The increased manufacturing costs associated with the
high technology methods, however, cannot improve the device efficiency to the point
where such devices become cost effective. In principle, though, as we are not usually
limited by the area of our device, it can be argued that a high efficiency solar cell is
not necessary if a sufficient number of low cost PV modules can be used to cover
more surface area in order to achieve the desired output power and compensate for
the low efficiency. For applications where there is a limitation in the available
surface area, then the high efficiency modules would be the more practical
alternative. So what we really need is a trade off between the low efficiency and high
efficiency PV modules. Consequently, the third generation of solar cells with
different mechanisms from the conventional photovoltaics emerged. This mainly
includes dye-sensitized solar cells (DSSCs), polymer solar cells, and nanocrystalline
solar cells. They have a different light absorption concept, in that they do not rely on
a traditional p-n junction to separate and transport photogenerated charge carriers.
DSSCs have developed rapidly in the photovoltaic industry, not only because of their
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low-cost materials and easy fabrication, but also due to their relatively good
performance of 11% under standard operating conditions. Although organic solar
cells cannot compete with conventional photovoltaic cells in terms of commercial
application and efficiency, they have become a very attractive alternative to
conventional photovoltaic devices.
Table 1-1 briefly shows the different efficiencies that different technologies have
so far achieved [27]. Monocrystaline silicon has achieved the highest efficiency but
its manufacturing process is very expensive due to the need for single crystal wafers.
The second high efficiency solar cell material is polycrystalline silicon, which is
made from square cast ingots. Cadmium telluride thin film (CdTe) has also shown
the high efficiency of 16%. It has lower production costs, but is still toxic and not
environmentally friendly. Organic polymer solar cells are among the low production
costs solar cells but they have lowest efficiency. Dye-sensitized solar cells have
shown laboratory efficiency of 12% in conjunction with low production costs as
well, which makes them suitable for future applications. III-V semiconductor thin
film has been able to reach the highest efficiency, but there are difficulties in
controlling the uniformity on large scales.
Table 1-1. Comparison of different PV technologies .
PV technologies

Efficiency %

VOC

JSC

Fill factor
2

V

(mA/cm )

(FF) %

Monocrystalline silicon

16-25

0.705

42.7

82.8

Polycrystalline silicon

15-20

0.664

38.0

80.9

Thin film amorphous silicon

5-13

0.645

33.0

78.2

CdTe

8-16

0.845

26.1

75.5

Organic polymer

3-5

0.876

9.39

62.5

Dye-sensitized cells

8-12

0.659

19.1

61.1

III-V semiconductors

27.4

1.038

29.7

85.4
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1.1.2

The basic steps of photovoltaic energy conversion

The operation of a photovoltaic cell can be generally divided into three basic
steps:
1- Light absorption
2- Charge separation
3- Charge collection
The physical and chemical processes behind these principal steps would be
different for different types of solar cells and photovoltaic materials. The efficiency
of a solar cell determines based on the efficiency of each of these steps and is
maximised by the material selection and the cell design.
In the p-n junction solar cell, the light absorption occurs in the depletion region
or within the diffusion length from it at the interface of the p-n junction. Upon
illumination, photons are absorbed by excitation of electrons from the valence band
to the conduction band, leaving holes in the valence band, as can been in Figure 1-6.

Figure 1-6: Energy band diagram of a p-n junction solar cell.

Therefore, under illumination, a large number of electrons and holes are
generated in the semiconductor material, and electrons and holes are free to drift in
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the material due to the potential gradient across the depletion region. So, the charge
separation occurs due to the presence of the built-in electric field. The existence of
the electric field in the p-n junction is the source of photovoltaic activity in the cell.
Minority charge carriers are swept to the opposite side of the junction by the built-in
electric field of the junction, so charge collection occurs via transport of electrons
through the n-type semiconductor and of holes in the p-type material to their opposite
electrical contacts.
1.1.3

Objectives and outline of the study

The present work is focused on the application of titanium dioxide synthesized
through hydrolysis derived methods of sol-gel and hydrothermal methods to use as
the semiconductor in DSSCs. The first chapter briefly introduces the history of the
DSSC. It also introduces titanium dioxide and its applications, as well as giving an
overview on the synthesis methods and deposition techniques. The experimental setup used for the synthesis and the detailed sol-gel process is described in the second
chapter. The influence of the synthesis parameters, such as the hydrolysis rate and
pH, on the crystalline structure of titanium dioxide and hence the photovoltaic
properties of titanium dioxide photoanodes is presented in the third chapter. In this
chapter the synthesis of well dispersed titanium dioxide nanoparticles is presented in
detail as the main synthesis method and important aspects of synthesis parameters in
the sol-gel method are discussed, with reference to TiO2 morphology, particle size,
agglomeration, and device performance. The characterisation of the synthesized TiO2
has been carried out using FESEM, XRD, XPS, Raman spectroscopy, and TEM. In
the fourth chapter, the stable sol solution is used to fabricate mesoporous onedimensional TiO2 nanofiber by electrospinning. The electrospun nanofibers are used
as photoanode in cells to study their charge transfer characteristics and affects on the
overall efficiency. In addition, EIS analysis has been carried out to study the electron
transport rate and diffusion coefficient in the nanofiber structure. In the fifth chapter,
the effects of TiO2 phase on the performance of DSSCs are investigated. Different
combinations of anatase - rutile – brookite have been synthesized through the sol-gel
method with the same particle sizes and used as electrode for DSSCs. Chapter six
investigates the hydrothermal method to synthesize one-dimensional and threedimensional nanostructures of TiO2, and consequently, it also investigates the
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photovoltaic performance of different structures. TiO2 that has been chemically
modified by nitrogen doping is investigated in the chapter eight. The photovoltaic
properties of synthesised N-doped TiO2 are also investigated in this chapter.
1.2

Dye-Sensitized solar cells

1.2.1

History and Basic Principles

The Dye-Sensitized Solar Cell (DSSC) is the new generation of the solar
collector family which provides a practical and economical alternative to the present
p-n junction devices for solar cell technology. In contrast to the conventional
systems, where the semiconductor is in charge of both the task of light absorption
and charge carrier transport, the two functions are separated here. The process is as
follows – 1: Sunlight is absorbed by the sensitizer (or dye), which is anchored to the
surface of a wide band-gap semiconductor. 2: Photoexcitation of the dye results in
the injection of electrons into the conduction band of the oxide. 3: Carriers are
transported through the conduction band of the semiconductor to the charge
collector. The use of transition metal complexes in the DSSC, which have a broad
absorption band, in conjunction with oxide films, permits the harvesting of a large
fraction of sunlight. 4: The dye is regenerated by electron donation from the
electrolyte, which is usually an organic hole conductor or an electrolyte such as an
ionic liquid, usually containing the iodide/triiodide couple as a redox system. By
accepting electrons from the iodide redox, the dye is also oxidized to I-3. 5: The
oxidized redox diffuses toward the counter electrode and is reduced to I- ions, so the
circuit is completed via electron migration through the external load.
Sensitisation of wide band-gap semiconductors has a long history and goes back
to the early days of photography. Since the basics of photography lie in
photoelectrochemistry due to the photoinduced charge separation in a liquid-solid
interface, a large amount of the research leading to photovoltaics was initially
motivated by photography [28]. In 1987 Vogel discovered that silver halide
emulsions could be sensitised by a dye to red or even infrared light, making it
possible to extend their photosensitivity to longer wavelengths [29]. The first dye
sensitized photovoltaic effect was reported four years later by Moser [30]. After that,
it took a long time to start systematic work on the sensitisation processes of ZnO and
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SnO2 electrodes in 1990’s [31-33]. Since then, many researchers attempted to use
dye-sensitized photoelectrochemical cells to convert sunlight into electricity.
However, the efficiency of those devices was very low, below 1 %, which was
mainly due to the poor light harvesting and instability of the dyes employed [28].
Oxide semiconductor materials have good stability under irradiation in solution
[34]. However, stable oxide semiconductors cannot absorb visible light because they
have relatively wide band gaps. Sensitization of wide band-gap oxide semiconductor
materials such as TiO2, ZnO and SnO2 is usually done by photosensitizers that can
more efficiently absorb visible light, such as organic dyes [35-37]. In early studies,
single crystal and polycrystal line materials which cannot absorb a large amount of
dye were used for the photoelectrode, which resulted in low light harvesting
efficiency and, consequently, low photon to current conversion efficiencies [31, 38].
Thus, to improve light harvesting efficiencies and cell performance, researchers used
two approaches: 1: developing photoelectrodes with larger surface areas that could
absorb large amounts of dye, and 2: using sensitizing dyes with broader absorption
ranges. Significant improvements in the performance of dye-sensitized solar cells
have been mainly due to the development of high performance nanoporous TiO2 thin
film electrodes that have a large surface area capable of absorbing a large amount of
photosensitizer. In 1991, Gratzel and O’Regan improved the efficiency of these cells
by up to 10% by using porous TiO2, Ru-based dyes, and I-/I-3 redox electrolyte [39].
Although the theoretical prediction of maximum efficiency for the DSSC is
approximately 20% [40, 41], to date the maximum reported conversion efficiencies
are around 10-11% but this still makes the device suitable for many practical
applications [42-45] .
A DSSC is composed of a porous oxide layer (TiO2) in order to increase the
effective surface area for dye absorption and also achieve effective light absorption
for dye monolayer, the dye, a redox electrolyte, and transparent conducting oxide
(TCO), commonly indium tin oxide (ITO), coated glass which is used as the
substrate for the TiO2 photoelectrode.
The choice of semiconductor materials to be used in the production of solar cells
is critical, especially if one considers that in the future large areas will be covered
with solar modules. Thus, the availability of the raw materials and the production
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technology determine the minimum costs of solar cells, and some candidates that are
very promising from the efficiency point of view are excluded because they contain
highly toxic elements (eg. As, Cd, etc). So the important criteria for the choice are,
on the one hand, the maximum achievable efficiency, but on the other hand, also the
economic and environmental aspects.
Silicon is, undoubtedly, a well developed photovoltaic technology yielding high
efficiencies and excellent stability, but the high cost of production is a major problem
for its widespread application. This provides a strong motivation for the further
development of thin film solar cell technology. The main advantage of thin film
technology is that it provides the real possibility of lower cost and easier
manufacturability at larger scales. Unfortunately, crystalline silicon is a
semiconductor with an indirect band gap (that is, the maximum of the valence band
and the minimum of the conduction band don't have the same momentum in the
energy-momentum diagram [46]), so its absorption in the spectral range of maximum
solar power is relatively poor and this limits the thickness of the solar cell and
prevents it from being very thin. GaAs is also one of the most highly efficient
materials that can be used in devices due to its direct band gap, but again it is much
too expensive for large area applications. Similar considerations also rule out CdTe
from widespread applications because of the cost and the highly toxic Cd [47-55].
As mentioned earlier, the photovoltaic industry is still dominated by
semiconductor p-n junction devices due to the experience and the material
availability within the semiconductor industry. Nevertheless, due to the growing
awareness of the possible advantages of nanocrystalline devices which can be
cheaply fabricated without expensive and energy intensive high temperature and high
vacuum processes, DSSCs have attracted great attention in recent times. The
prototype of this family of devices uses TiO2 [56-58] as the semiconductor material
although alternative wide band-gap oxides such as ZnO [59-61] and Nb2O5 [62, 63]
have also been investigated. The extensive body of research on TiO2 started in 1972
when Fujishima and Honda began their investigation on water photoelectrolysis
using a single crystal TiO2 electrode in a photoelectrochemical cell [64]. Their
research attracted considerable attention, as there was an increasing interest in
developing synthetic systems capable of harvesting solar energy and converting it
into chemical or electrical energy. Although notable progress has since been made,
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the quantum efficiency of such systems has remained low [65]. In 1991 O’Regan and
Gratzel reported the development of a practical dye-sensitized nanocrystalline TiO2
solar cell at the Ecole Polytechnique Federale de Lausanne [39]. They reported an
efficiency of 8% for the conversion of air mass (AM) coefficient AM1.5 simulated
sunlight to electrical energy. These kinds of DSSCs consist of a photoelectrode, a
redox electrolyte, and a counter electrode. Several semiconductor materials have
been used as photoelectrodes, but many have poor stability under irradiation. Oxide
semiconductor materials such as TiO2, ZnO and SnO2 have good stability under
irradiation in solution, but they cannot absorb visible light because of their relatively
wide band-gap.
1.2.2 DSSC structure and working principles
A typical DSSC contains five components as shown in Figure 1-7: 1) a substrate
of conductive transparent glass, 2) a semiconductor film, 3) a sensitizer, 4) an
electrolyte, and 5) a counter electrode. The total efficiency of the DSSC depends on
the optimization and compatibility of each of these constituents. As shown, a thin
film of sintered nanosized TiO2 particles is deposited onto the electrically conducting
glass. The TiO2 particles are covered with a monolayer of sensitizing dye and
surrounded by an electrolyte containing a suitable redox couple. Upon light
irradiation, dye molecules are promoted into an excited state (electrons excited from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), as shown in Figure 1-8). So, the electrons from the lowest
unoccupied band are injected to the conduction band of the semiconductor. The free
electrons in the conduction band diffuse across the semiconductor to the collecting
junction. Once the electrons reach the counter electrode, which is conducting glass
coated with a thin layer of platinum, they react with the ions in the electrolyte. The
regenerated electrolyte restores the original state of the oxidised dye by the reduction
of triiodide, therefore closing the circuit [66].
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Figure 1-7: DSC structure [67].

Fig 1-8: Working mechanism of DSSC.

Recently, graphene had also been used in the production of transparent carbon
films for use as electrodes in DSSCs [68, 69]. Based on its fundamental electronic
properties and semi metallic nature, and also due to its high conductivity, excellent
transparency, and high thermal and chemical stabilities, it appears to have great
potential for use as a transparent electrode in solar cells [70]. It can also be deposited
on flexible substrates using simple low-cost fabrication methods [71]. Indium tin
oxide (ITO) is a very widely used material, but it may be too expensive for general
mass application in devices such as solar cells due to the limited availability of
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indium on earth and the intrinsic chemical and electrical drawbacks of ITO, while it
is also not possible to apply it to flexible substrates. Fluorine doped tin oxide (FTO)
is another alternative substrate which is also very popular for use in the production of
DSSCs. In this work we have also used FTO glass as substrate.
Figures 1-9 and 1-10 show an energy diagram of a DSSC. In the fitures, Ec is the
conduction band energy, EF is the semiconductor Fermi energy, e- represents the
electrons, h+ represents the holes, S is the ground state of the sensitizer, S* is the
excited state of the sensitizer, S+ is the oxidised sensitizer, and TCO is the
transparent conductive oxide. The following steps show the sequence of charge
transfer processes responsible for photon to current conversion [66]:
1. The photosensitiser adsorbed on the TiO2 surface, absorbs incident
sunlight and becomes excited from the ground state (S) to the excited
state (S*). [72]
S + hυ →S*

(2.1)

2. The excited electrons are injected to the conduction band of the TiO2
electrode and oxidise the photosensitiser (S+).
S→ S+ + e-

(2.2)

3. Injected electrons in the conduction band of TiO2 are transported
between TiO2 nanoparticles with diffusion toward the back contact (TCO),
and consequently reach the counter electrode through the external load and
wiring.
4. The oxidized photosensitiser (S+) accepts electrons from the I- (iodide
ion) redox mediator, regenerating the ground state (S), and I- is oxidized to
the oxidized state I3-.
5. The oxidized redox mediator (triiodide) diffuses toward the counter
electrode and is reduced to I- ions.
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Figure 1-9: DSSC energy diagram [28].

In addition to the electron and ion transport paths mentioned above, there are
other electron pathways which are considered as loss pathways, as they are not in the
main current pathway and lead to a decrease in the overall efficiency of a device
(Figure 1-10).
1. Photosensitizer excited state decay to the ground state.
2. Recombination of injected electrons with oxidised photosintesiser.
3. Recombination of injected electrons with triiodide redox mediator.

Figure 1-10: Diagram of loss pathways in DSSC.
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1.2.3

Charge transfer dynamics

Dye-sensitized solar cells function on different kinetics compared to those of
conventional p-n junction solar cells. In DSSCs, the presence of a local electrostatic
field is not required to separate the excited electron – hole pair. The dye acts as an
electron transfer agent that is anchored to the mesoporous TiO2 substrate. Thus,
according to the energy level requirements, the excited state of the dye must lie
above the conduction band of the semiconductor to provide fast electron injection
into the semiconductor before it decays to its ground state. Thus, the rate of electron
injection will depend on the electronic coupling between the dye LUMO orbital and
the available conduction states in the semiconductor [73-75]. As the typical rate of
decline of the excited dye state to the ground state is in the range of 107 – 105 s-1, the
electron injection rate must be higher than 1012 s-1 to successfully compete [76-79].

Figure 1-11: Electron transfer processes at the different interfaces in a DSSC.

From another point of view, the potential level of the oxidised dye must be more
positive than the redox couple in the electrolyte in order to get rapid regeneration and
prevent recombination with electrons. These recombination and regeneration
reactions strongly depend on the electron density in the semiconductor, the iodide
concentration, the electrolyte viscosity, and the dye structure [80]. The redox
electrolyte is responsible for the regeneration of the dye and conducts the positive
charges to the back electrode to regenerate the redox couple itself. On the other hand,
the open circuit voltage depends on the difference between the redox potential of the
electrolyte and that of the TiO2 semiconductor. So, the redox potential must be as
positive as possible to provide a high open circuit voltage. In contrast, the
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overvoltage required for triiodide reduction at the counter electrode should be small,
as it represents a loss in the photovoltage of the cell. To overcome this problem,
which is related to the slow charge transfer reaction at the counter electrode, a
platinum based catalyst is usually used. An efficient DSSC also require that electron
transfer through the mesoporous semiconductor be faster than the charge
recombination of the injected electrons with the redox couple. In fact, this is the most
significant loss pathway in the DSSC, preventing the achievement of higher
efficiency, and it is the source of the so – called dark current. This dark current
occurs at the semiconductor/electrolyte interface where the sensitizer is not absorbed.
To avoid this, additives such as tert-butylpyridine (TBP) and deoxycholic acid
(DCA) are used as coadsorbates on the TiO2 surface [81, 82].
The efficiency of a solar cell is usually described as follows [83, 84]:

η = FF × I Sc × Voc / Pin

(2-3)

Where FF , I Sc , Voc and Pin are the fill factor, short circuit current, open circuit
voltage and incident power, respectively. In order to improve the efficiency, we need
to improve the voltage and current. To improve I Sc , as the following equation shows,
we need to increase Incident Photon to Current Efficiency ( IPCE (λ ) ).

I Sc = ∫ IPCE (λ ) I sun (λ )dλ

(2-4)

The IPCE can also be expressed as the product of the light harvesting efficiency
of the dye, the quantum yield of the electron injection, and the efficiency of
collection of the injected electrons [42, 85].
IPCE (λ ) = ηcol × η dye × ηtransfer

(2-5)

As equation (2-5) shows, to achieve a very high IPCE value, over a broad range
of the visible spectrum, we need to have very high efficiencies of injection and
collection of electrons, which are the main components responsible for the losses in
the cell. In this work, we focus on the semiconductor role in improving the electron
transfer efficiency [86, 87].
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1.2.4

Overview of materials used in DSSCs
1.2.5

Mesoscporous oxide semiconductor films

The mesoporous oxide semiconductor films are essential for the DSSC in order to
have high surface area and adsorb more dye on the surface. The mesoporous oxide
films are prepared using the oxide semiconductor nanoprticles paste applied on the
conductive glass. As mentioned earlier, in this work we have used TiO2 as the oxide
semiconductor due to its favourable advantages such as low cost, widely available,
non toxicity and being environmental friendly. The other advantage that makes it
again an attractive option, is the ability to get sensitized by a large range of dyes
[88]. It can also provide a specific connection to the dye which has shown the highest
incident light absorption [88-90]. In the next section, the TiO2 properties, synthesis
methods and paste preparation will be discussed in details.

1.2.6

Dye

As discussed above, the absorption of incident light in the DSSC is separated
from the charge carrier transport and is done by the specially designed dye
molecules. So, it would be an advantage for the dye molecule to have a broad
absorption spectrum in order to capture as many of the different wavelengths of the
solar spectrum as possible. The ideal dye should have an absorption spectrum up to
920 nm, which is equivalent to a semiconductor with a band-gap of approximately
1.4 eV [91]. It must also carry attachment groups such as carboxylate or phosphonate
to firmly graft it to the semiconductor oxide surface. Another important property of
the dye relates to the values of its excited state and ground state energies to avoid
energy loss and provide fast electron injection. The excited state of the dye should be
sufficiently above the conduction band of the semiconductor to produce the required
force for the electron injection. In the same way, the ground state of the dye should
also be slightly below the redox Fermi potential of the electrolyte to guarantee an
efficient regeneration process [92]. In addition, the other properties of the dye that
are very important to be considered are the stability of the absorbed dye molecule,
which should be long enough to support at least a 20 year working life or 108 redox
turnovers [93, 94] and good adsorption to the TiO2 surface. So far the most common
high efficiency dyes that best approximate these requirements are the metal-organic
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ruthenium complexes [95, 96]. The commonly known N3 dye is an example of a
ruthenium polypyridine complex with a measured incident photon to current
conversion efficiency of above 80% in the wavelength range of 480 to 600 nm [97100]. In 2001 the black dye achieved a record of 10.4% solar energy to power
conversion efficiency in full sunlight [101]. This record has been broken in 2002 by
using the N3 dye in conjunction with guanidinium thiocyanate, a self-assembly
facilitating additive which increases the open circuit voltage of the solar cell [102].
The efficiency reported for a N3 DSSC has only improved slightly since then until
2011, in which DSSC break a new record of 12.3%. Gratzel et al, replaced the
standard dye components with porphyrin and cobalt which allows them to increase
the absorption of sunlight and consequently result in more electron exchange [103]

Figure 1-12: Molecular structure for (a) N3 dye, (b) N719, (c) N749 (black dye), (d) Z907.

Figure 1-12 shows structures for the most efficient commercial dyes which are
in use in DSSC technology at the moment. As can be seen, they all have carboxylate
bipyridyl ligands which connect to the TiO2 surface and they are responsible for the
metal – to – ligand (MLCT) charge transfer. A considerable advantage of these dyes
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lies in their MCLT transition. For these ruthenium complexes, this transfer takes
place faster than the back reaction rate in which the electron recombines with the
oxidized dye molecule.
1.2.7

Electrolyte

Most dye-sensitized cells manufactured to date have used iodide/triiodide
electrolyte in terms of a redox couple dissolved in a dipolar aprotic solvent to
improve the properties of the electrolyte. The electrolyte properties strongly affect
the overall efficiency of the DSSC as the redox couple in the electrolyte regenerates
the dye after electron injection into the conduction band of the semiconductor. The
maximum current is always limited by the electrolyte, and the Fermi potential of the
redox electrolyte also affects the open circuit voltage of the DSSC. Therefore, it
should be as positive as possible to guarantee a high open circuit voltage [104]. The
electrolyte solution should also be inert in order to be reversible at the counter
electrode. It should also not absorb light in the visible range to prevent energy losses.
In addition, the electrolyte should be of low viscosity to allow fast charge transport,
and it should not cause any desorption of the dye from the semiconductor surface
[105-109]. Beside liquid electrolytes, there have also been many attempts to
synthesize polymer based electrolytes and solid state electrolytes [110-112] although
liquid electrolytes are still the most commonly used.
1.2.8

Counter electrode

At the back electrode, the reduction of the triiodide to iodide takes place. In
order to make this step proceed faster, a catalyst coating is deposited on the back
electrode. Platinum has been the most commonly used catalyst in the literature due to
its very efficient performance [57]. Its performance significantly depends, however,
on the deposition method of the platinum layer on the TCO substrate. As an example,
platinum coated by an electrochemical or vapour deposition method is unstable in
contact with the iodide electrolyte [113, 114]. Also, since platinum is the most
expensive part of the DSSC, many researchers have investigated the use of other
cheaper alternatives, such as carbon [115], graphite [116, 117], carbon nanotubes
[118, 119], and conductive polymers [120, 121]. In this work we have used platinum
coated FTO glass. The platinum was coated using a sputtering method to a thickness
of about 30nm.
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1.3

Titanium dioxide structure and physical properties
Titanium is the ninth most abundant element in the earth’s crust. The most

common mineral sources of titanium are rutile, ilmenite and leucoxene (Figure 1-13)
[122].

Figure 1-13: Titanium mineral sources: (a) rutile, (b) ilmenite, and (c) leucoxene.

Titanium forms several oxides, such as TiO, Ti2O3, Ti3O5, Ti4O7, etc. But
titanium dioxide is the most stable in air. Titanium dioxide (TiO2), also known as
titanium (IV) oxide or titania, is usually the semiconductor of choice due to its many
advantages such as low cost, wide availability, non-toxicity, biocompatibility, high
photocatalytic activity, chemical stability, and suitable band-gap properties [56, 57].
Its high photocatalytic activity depends on its crystal structure, morphology, particle
size, surface area and porosity [123-127], which was first discovered by A. Fujishima
in 1967 [64, 128]. TiO2 has three main crystal phases: anatase, rutile and brookite as
can be seen in Figure 1-14 (tetragonal, tetragonal, and orthorhombic, respectively).
In addition to these three well known phases, TiO2 has six other forms, of which
three can be produced synthetically (monoclinic, tetragonal, and orthorhombic), and
also five high pressure forms (α – PbO2 – like, baddeleyite – like, cotunnite – like,
orthorhombic (or OI structure), and cubic phase) [129-136]. Among these phases,
anatase, which is a meta stable phase, is chemically and optically active, and suitable
for photocatalyst applications [87, 89, 90, 137-139], as it has different band-gap,
different effective mass, and different mobility of charge carriers compared with
rutile and brookite. Rutile is a high temperature, stable phase, and the majority of
crystal growth techniques yield titanium dioxide in rutile phase. Thus, it has been the
most thoroughly investigated form. Moreover, in many devices that operate under
high temperature conditions, such as gas sensors, TiO2 is already converted to the
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rutile phase. Brookite is a transition phase between anatase and rutile, and is usually
ignored due to the difficulty in achieving it.
“In all three forms, titanium (Ti4+) atoms are coordinated to six oxygen (O2-)
atoms, forming TiO6 octahedra. All three forms differ only in the arrangement of
these octahedra. The anatase structure is made up of corner sharing octahedra
resulting in a tetragonal structure. In rutile, the octahedra share edges to give a
tetragonal structure, and in brookite, both edges and corners are shared to give an
orthorhombic structure” [140].

Figure 1-14: (a) Rutile, (b) anatase, (c) distorted anatase, (d) brookite [141].

The primitive unit cell of TiO2 in the anatase structure is shown in Figure 1-14
(e). The space group of anatase is I41/amd and the local symmetry is D2d. The
structure has two lattice parameters, a, c, and the internal parameter, u=dap/c, where
dap is the apical Ti – O bond length [142].
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Figure 1-14 (e): Primitive unit cell and definitions of the coordinates for TiO2 in anatase
structure. The definitions of apical (dap) and equatorial (deq) bond lengths are indicated [142].

In Table 1-2 the structural parameters of the anatase, rutile and brookite
structures are calculated using the Pseudopotential Hartree – Fock method [143].
Table 1-2: Comparison of structural parameters for anatase, rutile and brookite TiO2 using the
Pseudopotential Hartree – Fock (PHF) calculations [143].

Also some of the physical and structural properties of anatase and rutile titanium
dioxide are summarised in the Table 1-3 [140].
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Table 1-3: Physical and structural properties of anatase and rutile titanium dioxide [140].

Due to its wide band gap (3.0 eV for rutile and 3.2 eV for anatase [144]),
titanium dioxide should be considered as an insulator. When equilibrated in an
atmosphere of low oxygen activity, however, it becomes oxygen deficient due to
electronic disorder [145]. Therefore, titanium dioxide is known as an n – type
semiconductor [146] due to its non-stoichiometric properties. The oxygen deficiency
brings up the n – type properties and experiments have shown that the current
carriers are free electrons [147]. In the oxygen deficient form, TiO2-x, x depends upon
the oxygen activity of the gas phase in equilibrium. There are two types of defects in
the oxygen deficient form that can be considered [147]:
Intrinsic – The defects are determined by experimental conditions such as
oxygen activity and temperature.
Extrinsic – The defects are foreign cations and/or anions.
The structure of the defects that are responsible for the electronic conduction in
rutile and anatase TiO2 is still the subject of discussion. It is often assumed that
oxygen deficiency is accommodated by oxygen vacancies point defects [148],
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titanium interstitials [149], or a combination of these two defects [150, 151].
Ionization of these defects provides the necessary electrons for electrical conduction.
The deviation from stoichiometry x can be expressed as a function of oxygen
partial pressure P(O2):
−1/𝑚𝑥

𝑥 ∝ 𝑃𝑂2

Where mx depends on the nature of the defect disorder [152]. Therefore, it might

be used for verification of defect disorder within narrow ranges of P(O2) in which
defect disorder is accommodated to give the same charge neutrality [147]. Figure 115 shows the defect disorder model, which is based on simplified charge neutralities
in terms of the effect of P(O2) on the concentration of electronic charge carriers
[147].

Figure 1-15: Model representing the effect of P(O2) on the concentration of electronic defects.

In this model n is the simplified charge neutrality. The defects in TiO2-x are
mainly oxygen vacancies (VO••), titanium interstitials (Tii+3 and Tii+4) and titanium
vacancies (VTi’’’’). The extremely reduced charge regime is dominated by the
titanium interstitials, which are compensated by electrons. The strongly reduced
regime is based on doubly ionised oxygen vacancies as the dominant defect. The
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reduced regime is governed by ionic charge compensation and in the oxidised regime
the predominant defects are the electrons, holes and their concentration. The oxidised
regime might be achieved at very high values of P(O2).
1.3.1.1 Titanium dioxide electrical properties
As mentioned earlier, the electrical properties of titanium dioxide semiconductor
is strongly dependent on its electronic structure. Its electronic structure also depends
on the defects, which can act as either donors or acceptors. Therefore, the electrical
properties can be modified by changing the defect concentration. The defect
concentration itself can be controlled by imposing different oxygen activities during
the processing at high temperature. As the system reaches equilibrium, the lattice
defects become stable with respect to oxygen activity and temperature.
The self-consistence band structure of anatase titanium dioxide along the high
symmetry directions of the Brillouin Zone (BZ) is shown in Figure 1-16 [142].

Figure 1-16: Calculated band structure of the anatase phase of TiO2.

The electronic states of TiO2 are generally considered to consist of four parts: 1-) the
lower valence band, 2-) the upper valence band, 3-) the lower conduction band and
4-) the upper conduction band [153]. The valence band consists of three parts: 𝜎
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bonding of O 𝑝𝜎 and Ti eg states in the lower energy region; the 𝜋 bonding of the O

𝑝𝜋 and Ti eg states in the middle energy region; and the O 𝑝𝜋 states in the higher

energy region. The bottom of the lower conduction band consists of the Ti dxy
orbital, which contributes to the metal -metal interactions due to the 𝜎 bonding of the

Ti t2g – Ti t2g states. At the top of the lower conduction band, the remaining Ti t2g
states are antibonding with the O 𝑝𝜋 states. The upper conduction band consists of

the 𝜎 antibonding orbitals between the O 𝑝𝜎 and Ti eg states. Figure 1-17 shows the
bonding diagram of the perfect titanium dioxide crystal [153].

Figure 1-17: Bonding diagram of the TiO2 crystal [153].

The corresponding density of states (DOS) is shown in Figure 1-18. The DOS of
titanium dioxide is composed of Ti eg, Ti t2g (dyz, dzx, dxy), O pσ and O pπ. The lower
valence bands located around -17 eV are composed of mostly the O 2s orbital, while
the upper valence bands show a strong hybridization between O2p and Ti 3d
electrons and give a band width of 5.05 eV. The minimum direct band gap was found
at Γ. The calculated band gap is about 2.0 eV, which is much smaller than the

experimental results, 3.2 eV, and is due to well known shortcomings of the local
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density approximation (LDA) [142]. “Overall, the valence band is composed of O related states whereas the conduction band is composed of Ti - related states.
Anatase possesses a narrower 3d band compared to rutile, which is due to the
localization of Ti 3d states, as Ti –Ti distances are larger in anatase” [154].

Figure 1-18: Density of states diagram of titanium dioxide [154].

The electrical conductivity (𝜎) is the product of the mobility and the electron
concentration as follows:
𝜎𝑛 = 𝜇𝑛 𝑛𝑒

Where e is the electron charge, 𝜇𝑛 is the mobility of electrons and n is their

concentration. The total electrical conductivity of both electron and hole transitions
would be the sum of electronic charge carriers (ionic conductivity is negligible at
room temperature):
𝜎𝑡𝑜𝑡 = 𝜇𝑛 𝑛𝑒 + 𝜇𝑝 𝑝𝑒

Where p is the concentration of holes and 𝜇𝑝 is their mobility.

In titanium dioxide, which is a 3D semiconductor, the electronic conduction is
contained entirely within the 3d band of the cationic titanium [155, 156]. This is
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explained as due to the 3d band being too narrow to permit any overlap with its 4s
band [157]. This leads to a very high effective mass of charge carriers but with very
low mobility [157]. The conduction via the electron holes, however, is restricted to
the 2p band of oxygen ions. Therefore, electron holes have a very low effective mass
and relatively high mobility [155, 156]. Table 1-4 shows electron mobilities in TiO2
measured by a number of different methods by different research groups [147].
Table 1-4: Reported electron mobilities of TiO2 [147].

1.3.1.2 Anatase to rutile transformation
The kinetics and transition rate of anatase to rutile transition (A – R transition) can be
defined based on parameters such as shape/size, purity, source effect, atmosphere
and reaction conditions [140]. The phase transformation of titanium dioxide can
result from nucleation and growth. Anatase nanocrystals grow and then are
transformed to rutile after reaching a critical size. On the other hand, the anatase
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crystallite size is limited, and it cannot grow beyond that without transforming to
rutile phase [158]. There are also other factors affecting the anatase to rutile
transition such as defect concentration [159], grain boundary concentration, and
particle packing [158]. Rutile is the thermodynamically stable phase while anatase
and brookite are both metastable phases that are transformed to rutile under heat
treatment at temperatures typically ranging between 600 and 700 ºC [160]. The
generally accepted theory of the anatase to rutile transition is that the two Ti – O
bonds break in the anatase structure and allow the rearrangement of the Ti – O
octahedral structure, which leads to a smaller volume, forming a dense rutile phase
[158]. Figure 1-19 shows the two dimensional structures of the TiO6 octahedra in
anatase and rutile. Shared edges are shown in bold lines [158].

Figure 1-19: Two-dimensional structure of the TiO6 octahedra in anatase and rutile structures [158].

The removal of the oxygen ions will generate more lattice vacancies and accelerates
the phase transition. The transition needs an activation energy of about 418 kJ mol-1
[161], and the breaking of these bonds can be affected by a number of factors
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including the addition of dopants, the synthesis method used, and the thermal
treatment [158].
1.3.1.3 Titanium dioxide photocatalytic properties
In photocatalysis application, light with energy greater than the band-gap of the
semiconductor excites an electron from the valence band to the conduction band. The
anatase structure of titanium dioxide has a relatively high energy band-gap (3.2 eV),
corresponding to an absorption wavelength threshold below 387 nm [162], while the
rutile band-gap is 3.02 eV with an absorption threshold of 410 nm. Therefore,
ultraviolet (UV) light is required to initiate the photocatalytic process. Figure 1-20
shows the various semiconductor energy band-gaps in aqueous electrolyte at pH=1
[139]. The conduction band of the semiconductor must be more negative than the
reduction potential of the chemical species in order to photoinduce the chemical
species [162]. Alternatively, the potential of the valence band of the semiconductor
must be more positive than the oxidation potential of the chemical species to allow
the photo oxidation of the chemical species to occur [162].

Figure 1-20: Energy band-gaps of various semiconductors in aqueous electrolyte at pH =1 [139].

During the photocatalysis process, the light excites an electron to the conduction
band and generates a positive hole in the valence band. In the case of TiO2, charge
carriers can be trapped by Ti3+ and O- defect sites in the TiO2 lattice, or they will
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recombine and dissipate energy. Consequently, the charge carriers can migrate to the
catalyst surface and initiate redox reactions on the adsorbate. Positive holes
generated by light become trapped by surface adsorbed H2O. The H2O is oxidised by
the hole to generate H+ and OH- radicals which are powerful oxidants. The hydroxyl
radicals then oxidise organic species from the surrounding environment to CO2 and
H2O. In most cases, these are the most important radicals formed in TiO2
photocatalysis. Electrons in the conduction band can be rapidly trapped by the
oxygen molecules adsorbed on the particle surface. The oxygen molecules will then
be reduced to form O2- radicals, which may further react with H+ to generate
peroxide radicals (OOH·) and H2O2 [158, 163].
1.3.1.4 Titanium dioxide synthesis methods
The synthesis technique that is utilised has a significant effect on the production
of TiO2 and its characteristics. Studies have shown that different synthesis methods
have different effectiveness in terms of the overall photovoltaic efficiency [164-168].
Among the parameters measured, the particle size, phase structure, agglomeration
and surface area of the synthesized particle are the most important in determining the
photovoltaic efficiency.
TiO2 particles have a strong tendency to agglomerate into larger particles, which
leads to a decrease in surface area and reduces their applicability for DSSC [169173]. Hence, it is very important to be able to synthesise TiO2 nanoparticles with the
desired crystal structure and a controlled particle size. It would also be an added
advantage if the required TiO2 nanoparticles can be synthesized at room temperature
[174]. The focus of this research is the production of a nanoporous titanium dioxide
as a semiconductor material for solar cell applications. Nanocrystalline TiO2 has
been commonly prepared using techniques like the sol-gel [164, 175-178],
solvothermal [179], and hydrothermal methods (surfactant assisted) [167, 180-184]
as well as the micelle and inverse micelle [185-189] methods. Amongst these, most
attention has been paid to the hydrothermal and the sol-gel methods. Hydrothermal
methods mostly use amorphous TiO2 [190], TiCl4 [167, 191, 192] or TiOCl2 aqueous
solutions [193] to prepare the TiO2 nanoparticles. In this work, the sol-gel process is
mainly used, as it provides excellent chemical homogeneity and offers the possibility
of synthesising unique metastable structures at room temperature [176].
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1.3.1.4.1

Sol –gel method

The sol – gel method has several advantages over other synthesis methods such
as purity, homogeneity, the ability to produce thin film coatings and ease of
production. The synthesis conditions, however, depend on several parameters which
can make it difficult to control the hydrolysis conditions and hence, the particle
characteristics. Sol-gel methods usually use titanium alkoxides as precursors [194,
195], but TiO2 can also be obtained by hydrolysis of non alkoxide titanium
compounds, such as TiCl4, in the solution [196-199]. Halides often remain in the
final product, however, and are difficult to remove. In [200] it is mentioned that
nanoparticles prepared using sol-gel methods are amorphous in nature and need
further treatment to produce a crystalline product. This treatment itself may lead to
grain growth and may also induce phase transformation. The process of hydrolysis of
a titanium precursor normally proceeds via an acid-catalysed hydrolysis of titanium
alkoxide, followed by condensation [164, 201-205]. In [206] titanium particles are
prepared by precipitation from a homogeneous solution using titanium isopropoxide
as a precursor in an aqueous solution. In [74] the use of the sol-gel method and its
effects on the formation of TiO2 nanoparticles of different sizes and shapes by tuning
the reaction parameters were investigated. A solution of Ti4+ was prepared by adding
water. Amines were used as the shape controllers of the TiO2 nanomaterials and also
acted as surfactants.
Figure 1-21 briefly shows the sol – gel process. In this process, simple molecular
precursors are converted into nanometer sized particles to form a colloidal
suspension or sol. The colloidal nanoparticles are then linked together to form a 3D
liquid filled solid network (gel). This transformation to a gel depends on several
parameters but the most convenient approach is to change the pH of the solution. The
mechanism of formation of TiO2 through the sol – gel method is explained in more
detail in the next chapter.
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Figure 1-21: The sol – gel process.

1.3.1.4.2

Hydrothermal method

In the hydrothermal synthesis the reaction is usually take place in aqueous solution
and in a pressurised vessel called an autoclave [207]. The temperature in the
autoclave can be raised above the boiling point of water while reaching the pressure
of vapour saturation. It is possible to control the grain size and particle morphology
of particles by controlling the solution composition, reaction temperature, pressure,
solvent properties and aging time [167, 207, 208].
Ref [209] shows that TiO2 nanoparticles can be obtained by hydrothermal treatment
of peptized precipitate of a titanium precursor with water. In [210] TiO2
nanoparticles were prepared by hydrothermal reaction of titanium dioxide in an acid
ethanol-water solution. Briefly, titanium tetraisopropoxide (TTIP) was added to a
mixed ethanol and water solution with nitric acid. Besides TiO2 nanoparticles, TiO2
nanorods and nanotubes have also been synthesized by the sol-gel and hydrothermal
methods via a process utilising an anodic alumina membrane (AAM) template [211215]. In a typical experiment, a TiO2 sol solution is prepared by mixing TTIP
dissolved in ethanol with a solution containing water, acetyl acetone, and ethanol. An
AAM is immersed in the sol solution for 10 min after being boiled in ethanol, and
then it is dried in air and calcinated at 400 °C for 10 h. Ordered TiO2 nanowire arrays
have also been successfully fabricated in the nanochannels of a porous anodic
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alumina membrane by sol-gel electrophoretic deposition [216]. In a typical process,
TTIP is dissolved in ethanol at room temperature, and hydrochloric acid mixed with
deionised water and ethanol is added to the TTIP diluted in ethanol to start the
hydrolysis. In order to fabricate TiO2 nanowires instead of nanorods, an AAM with
long pores should be used. Anatase TiO2 nanocrystallites can also be synthesized via
hydrothermal methods using amorphous TiO2, TiCl4 or TiOCl2 aqueous solutions
[195]. Another new approach is the inverse TiO2 opal. For instance, Somani et al.
used large surface area titania inverse opal films as electrodes in solid state dyesensitized solar cells to increase the efficiency of the solid state DSSC [217]. Due to
the wide and well connected pores in the mesoporous TiO2 films, the performance
was improved. This structure allows easy penetration of material into the holes and
provides good contact with the dye and so yield a more efficient cell. Hybrid TiO2
nanocrystalline electrodes composed of a mixture of anatase and rutile phases also
showed a higher solar to electric energy conversion efficiency than those made of
pure anatase phase [218].
1.3.1.4.3

Solvothermal method

The solvothermal method is identical to the hydrothermal method except that a
variety of solvents other than water can be used for the process. This method has
been found to be applicable for the synthesis of a wide variety of nanoparticles with
narrow size distributions, especially when organic solvents with high boiling points
are chosen [179, 219].
1.3.1.4.4

Microwave synthesis

A microwave technique has also been used to prepare TiO2 material [220, 221]. In
this method, there is no need for high temperature calcinations for extended periods
of time. Controlling the phase structure and its transition from anatase to rutile is not
possible and, due to the rapid change in temperature, most of the time the phase
structure of the final product is rutile. As a consequence, this method is not popular
for photovoltaic applications and is usually used in combination with the
hydrothermal method in the so-called microwave hydrothermal method [220, 222].
1.3.1.4.5

Micelle and inverse micelle
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In this method, surfactant molecules are dispersed in a colloidal solution to form
micelles which then determine the self-arrangement of TiO2 particles. The relative
ratio of the H2O/surfactant/titanium precursors, the reaction temperature and the feed
rate can significantly control the nanoparticle size and distribution [185, 187, 188].
1.3.1.5 Titanium dioxide deposition method
The method of deposition of titanium dioxide onto a substrate is also an
important issue which can strongly affect the solar cell efficiency. Based on the
particular application, there are several ways to deposit TiO2 onto a substrate:
1.3.1.5.1

Evaporation

Evaporation is a physical vapour deposition (PVD) method associated with different
kind of ion implantation and sputtering methods. Briefly, with this method, the
coating material is heated above its boiling point in a vacuum. In the vacuum
environment, the evaporated atoms or molecules have a long mean free path and are
capable of travelling the long distance straight to the substrate, where they are
condensed on the surface. It is a relatively simple process, and the deposition rate
and quality can be controlled by temperature, pressure, and carrier gas flow. The
product of this process can be a dense TiO2 thin film, nanowires, nanotubes,
nanorods or nanobelts [223-226].
1.3.1.5.2

Chemical vapour deposition

In the chemical vapour deposition (CVD) method, one or several gases are allowed
to chemically react in close proximity to a heated substrate surface. In order for the
chemical reaction to occur spontaneously, it is necessary to have reactive precursors
with relatively high vapour pressure. The thermal process could also be done in a hot
wall chamber in which both substrate and chamber are heated, or in cold wall
chamber in which just the substrate is heated. The pressure may vary from
atmospheric pressure to low pressure with high vacuum and a temperature above 600
°C is usually sufficient. What makes CVD different from physical vapour deposition
(PVD) is that a chemical reaction occurs in CVD while in PVD the process proceeds
via condensation. CVD generated films are more homogeneous and also tend to
adhere better as they can form better chemical bonds to the substrate. In this method,
however, the substrate is more difficult to handle compared to the substrate used in
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PVD, as the chemical reactions take place on the substrate [227-230]. Therefore, this
method seems to be more suitable for thin film deposition.
1.3.1.5.3

Self assembly

Self assembly is a process in which the pre existing components form from a dilute
solution. It is based on the use of large organic molecules that order themselves in a
fluid. On the other hand, self assembly is also defined as a reversible process in
which pre existing parts or disordered components of a pre existing system form
structures of patterns [231]. This method can also be further classified as either static
or dynamic. Static self assembly is when the ordered state occurs in equilibrium and
does not dissipate energy. Dynamic self assembly is when the ordered state requires
dissipation of energy.
The most well known types of self assembly is molecular self assembly [232]. As an
example, it has been used in [233] to form monolayers of titanium dioxide or to
make nanostructured titanium dioxide [231]. It has also been used in [234] to form
nanotubes and nanoribbons of titanium dioxide.
1.3.1.5.4

Screen printing / doctor blade techniques

The outcome of sol-gel or hydrothermal preparation methods is usually a powder
which, by itself, is not suitable for use in DSSC electrodes. To be useful, this powder
needs to be applied to a substrate as a thin film. This can be done in a number of
ways. Slurry can be made by dispersing the titanium dioxide powder in water and
applying this as a coating film onto a substrate. But the coatings produced by this
technique are very fragile, and their durability is usually low. Some processes
incorporate organic binders, which then decompose to leave the TiO2 powder. Others
use inorganic binders which don’t decompose, and these offer better durability, but
their efficiency is compromised, as only the TiO2 which is at the surface is available
to act as a photocatalyst. The organic binders which can be used in this application
are Triton X-100, polyethylene glycol (PEG), or acetyl acetone (AcAc).
The use of TiO2 pastes is an important component in achieving high efficiency
in solar cells. When the paste is prepared, screen printing or the doctor blade
technique can be used to deposit it onto the substrate as a thin layer and in a specific
pattern. The fluid is then dried via a heat treatment to remove the solvent. Usually the
term “screen printing” is specifically used for large scale printing over big areas,
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whereas the small scale laboratory screen printing method is referred to as doctor
blade [235]. In the doctor blade technique, the thickness of the deposited layer can be
controlled by lifting the blade to a specific height by the use of spacers.
The nanostructured TiO2 thin films used in this work were prepared by the
doctor blade technique to deposit the TiO2 paste onto the FTO substrate. To use this
method, the viscosity of the liquid is critical in order to allow the application of a
homogeneous layer with no cracking and thus optimise the solar cell performance
and efficiency. In this method, as shown in Figure 1-22, two strips of scotch tape are
applied on the edges to shield a narrow region of conducting layer from the non
conducting TiO2 and also to set the height between the FTO (or other substrate) and
the glass rod.

Figure 1-22: Doctor blade technique.

1.3.1.6 Doping various types of metal ions into TiO2
TiO2 possesses special photocatalytic properties, however, ultra violet light
irradiation is required to fulfil its photovoltaic functions. So, the use of TiO2 as a
photocatalyst poses a number of problems, such as limitations of its application
range, effective use of light, etc. In order to improve its photocatalytic efficiency and
to expand its range of applications, further development of the photocatalyst
response to visible light is required. The development of visible light photocatalytic
materials has been intensively investigated, for example, noble metal oxides with
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suitable band-gap, as well as doping of transition metals or non-metallic elements
into TiO2 [236]. In the case of the use of transition metals, a common method used
successfully for solar cell applications involves attaching various organic dyes such
as ruthenium complexes to the surface. Unfortunately, this method is expensive, and
these dyes also degrade in the presence of oxygen. Ruthenium dyes also cannot be
used in aqueous solutions, as they can readily wash off a surface.
Some other methods such as reduction of TiO2 via hydrogenation have also been
investigated [237]. This method narrows the band-gap, but at the expense of
lowering the conduction band which results in lowering the open circuit voltage.
Another method to shorten the band-gap is to dope the semiconductor with metals
and non-metals. An ideal dopant must increase the valence band edge, and
consequently, reduce the band-gap without lowering the conduction band. This also
reduces the electron – hole recombination and minimizes the loss in quantum yield.
The most common metals that have been investigated for this application are Cu
[238], Fe [239, 240] and Al [241], and among them, Cu doping was the most
effective for visible light photocatalytic activity. The main problem with metal
doping is their thermal instability and higher carrier trapping which can also decrease
the photovoltaic activity of TiO2 [242]. Anionic substitutions have also been used
such as C [243], N [244, 245], F [246], and P [247, 248]. Among these, nitrogen is
the most widely used, as Asahi et al. reported in [249]. They calculated the density of
states for C, N, F, or S substitute for O in anatase TiO2 by the full potential linearized
augmented plane wave (FLAPW) approach under the local density approximation
[249]. They showed that the N doping was the most effective due to its p states
mixing with O 2p, narrowing the band-gap [250, 251].
The methods that exist in the literature for doping can be generally separated
into two categories: chemical and physical. Chemical methods include sol-gel [252],
a hydrolytic synthesis method [253], annealing titanium dioxide powder or nanotubes
at high temperature in the presence of a gas [254], etc. The sol-gel method is the
most common chemical method used in the literature. In this method, a titanium
precursor is usually hydrolysed with a solution of NH4Cl or NH4OH as a nitrogen
dopant [255] [256], or metallic salts as metallic dopants [240]. Physical methods
include implantation, magnetron sputtering, plasma enhanced vapour deposition, and
pulsed laser deposition [257-259].
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2 EXPERIMENTAL PROCEDURES AND CHARACTERISATION
TECHNIQUES

2.1

Introduction
In this chapter, the experimental procedures and characterisation methods are

described in two sections: 1) fundamentals of the synthesis of TiO2-based
nanomaterials and 2) characterisation and evaluation techniques used to analyse the
synthesized nanomaterials. The chemicals used and the detailed procedures of the
synthesis techniques are described in section 2.2. Detailed information on the
experimental set up is also provided in this section. The TiO2 nanoparticles were
mainly synthesized via the sol – gel method for all applications, such as thin film
coating, nanopowder production, nanofiber spinning, and nitrogen doping. Methods
for the characterisation of the synthesized materials include: X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), UV – visible
absorption spectroscopy (UV-vis), Brunauer-Emmett-Teller (BET) specific surface
area measurements, Raman spectroscopy, atomic force microscopy (AFM),
electrochemical impedance spectroscopy (EIS), and the use of a solar simulator and
measurements of incident photon-to-current quantum conversion efficiency (IPCE).
Detailed information on these characterisation methods is given in section 2.3.
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2.2

Material and methods

2.2.1

Sol – gel mechanism

The term sol – gel process is used to describe many aspects of the chemical
synthesis and processing of inorganic materials such as ceramic powders and glasses.
Generally, in every sol – gel process, it is expected that you have a colloidal
suspension (“sol”) which allows chemical species to become stable in the solution.
This stable sol solution subsequently is transformed to a viscous “gel”, which
provides a solid structure [260].
The sol – gel process includes hydrolysis and condensation of a metal alkoxide.
In general, transition metals have low electronegativities, and their oxidation state is
lower than their coordination number in an oxide network. Therefore, during the
reaction with water or other nucleophilic reagents, coordination expansion occurs
spontaneously to reach the preferred coordination [140]. Metal alkoxides are very
reactive due to the presence of highly electronegative alkoxide (OR) groups with
hard – 𝜋 donors that stabilise the metal in its highest oxidation state and make it very

susceptible to nucleophilic attack. The low electronegativity of transition metals

makes them more electrophilic and hence, less stable towards hydrolysis,
condensation, and other nucleophilic reactions. Controlling the conditions is difficult,
but successful control of the reaction conditions has the potential to produce
materials of consistent size, shape, and structure [140] [260].
2.2.1.1 Hydrolysis mechanism
Hydrolysis of titanium dioxide take place via a nucleophilic substitution
reaction, as mentioned in previous section. Titanium alkoxide in contact with a
nucleophilic reagent, such as water, reacts with an exothermic process. The
nucleophilic addition of water transfers a proton from the attacking nucleophilic
reagent to the alkoxide group. The protonated component is then removed as either
alcohol or water [140, 261, 262], as shown in Figure 2-1.
(2-1)

Figure 2-1: hydrolysis reaction.
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The nucleophilic substitution during the hydrolysis process can be described as
follows [140]:
1- Nucleophilic addition of the H2O on the positively charged metal atoms.
2- Proton transfer within the transition state from the entering molecule to the
leaving alkoxy group.
In the case of the TiO2 synthesis process, a titanium dioxide precursor (usually
an alkoxide) forms a sol by hydrolysis procedures in which the alkoxide groups (OR)
are replaced by hydroxyl groups (OH):

(RO)3-Ti-O-R+ H2O

(RO)3 –Ti – O – H + R – OH

(RO)3-Ti-O-R+ (RO)3-Ti-O-H

(2-2)

(RO)3 –Ti – O – Ti + R – OH

(2-3)

The formation of the polymeric chains can also be shown as in Figure 2-2.
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Figure 2-2: Diagrammatic representation of polymeric chain of the TiO2 particles in the solution.

At this stage, the stabilization of the sol solution is very important if one wishes
to obtain well disperesed nanoparticles. In order to control the sol – gel process for a
stable final colloid, the physical chemistry of colloids needs to be well understood.
The surface of the colloid particle in a polar solution is capable of acquiring a charge.
The charged particles can then strongly influence the surrounding ions and particles,
particularly those of opposite charge, known as counter ions. The counter ions are
attracted toward the colloidal particles while the ions with the same sign charge will
drift away. This process is distributed by thermal agitation through the solution until
eventually an equilibrium situation is achieved.
Colloids are dynamically unstable, and the colloidal particles tend to move toward
each other to reduce the surface energy. Therefore, it is important to be able to
measure the electric field between the particles to be able to characterise the
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electrochemical equilibrium in the solution. A stable solution will prevent aggregation
of the particles and will produce smaller particles with a higher total surface area. To
characterise the electrochemical equilibrium in the solution we use the term “zeta
potential”. The zeta potential is the potential between the charged surface and the
electrolyte. Electrostatic repulsion between the particles depends on the value of the
zeta potential -the higher the zeta potential, the stronger the repulsion, and the more
stable the system becomes (Figure 2-3).

Figure 2-3: Schematic diagram showing the potential difference as a function of distance.

2.2.1.2 Condensation mechanism
Having achieved a stable sol solution, a condensation reaction will complete the
sol – gel process. This occurs through alcoxolation or oxolation. In both processes, an
oxo bridge is formed between the metals (M – O – M). During alcoxolation, two
partially hydrolysed metal alkoxide molecules combine, and an oxo bridge is formed
between the two metals with alcohol as a by-product (Figure 2-4) [140].

Figure 2-4: Alcoxolation reaction.
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In the oxolation process, two partially hydrolysed metal alkides combine to form
an oxo bridge between the metal centres and water is the by-product as shown in
Figure 2-5.

Figure 2-5: Oxolation reaction.

The condensation process will continue to form large chains of molecules or, in
other words, polymerisation will occur. The structure of the chains, their length, the
bridges between them, and their strength strongly depend on the thermodynamics of
the hydrolysis and condensation reactions.
Finally, the complete polymerisation and loss of solvent leads to the formation of
a gel. The condensation process produces Ti – O – Ti bonds plus water or alcohol:
2(RO)3-Ti-O-H
2.2.1.2.1

(RO)3 – Ti – O – Ti – (OR)3 + H2O

(2-4)

The effects of the catalyst

Acid or base catalysts have strong effects on the hydrolysis and condensation
rates as well as the structural properties of the final product [140]. As can be seen in
Figure 2-6, the addition of an acid will lead to protonation of the negatively charged
alkoxide group. This provides a good by-product which enhances the reaction
kinetics and thus allows the hydrolysis to be completed with the addition of water
[140].

(2-5)

Figure 2-6: Influence of an acid catalyst on the hydrolysis reaction.

Condensation is also influenced by the addition of a catalyst. The properties of
the final gel depend on the formation of the polymer chains. The chains usually have
cross-links with each other, which also affects the mechanical properties of the gel.
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The number of these cross-links depends strongly on the amount of H+ or OHgroups in the solution.
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Figure 2-7: High influence of acidic or basic conditions on polymer chain formation.

In the case of strong acidic or strong basic conditions, smaller chains are formed
with more cross-links while in the case of a mild acidic or mild basic environment
there are longer chains with less cross links (Figure 2-7). Also, the electron providing
power of the ligand decreases as it goes towards the middle of the chain. So, under
acidic conditions, condensation is directed toward the ends. This means that acidic
conditions can lead to smaller particles. In the converse situation, under highly basic
conditions, the cross-linking tends to form in the middle of the chain and leads to the
condensation of larger particles.
2.2.2

Synthesis of titanium dioxide

The sol-gel technique was chosen as the method for synthesis of titanium
dioxide in chapter 4, 5, 6 and 9. The main method is investigated in chapter 4 and is
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used in the other chapters to study different structures. The 1D structures studied in
chapter 6, are prepared using hydrothermal method.
2.2.2.1 Titanium dioxide nanopowder
In chapter 4, 10 ml of titanium alkoxide (titanium tetraisopropoxide 97%, as
supplied by Sigma Aldrich Chemical), as a starting material, was poured into 30 ml
2-propanol (99%, supplied by Sigma Aldrich Chemical) under a dry atmosphere.
After stirring, the mixture was added to another solution consisting of 10 ml deionised (DI)-water, 10 ml 2-propanol and an appropriate amount of either acid or
base to adjust the pH. The resulting solution was stirred for 5 hours and then it was
kept in a closed container for over 3 days to allow the gel to form (Figure 2-9 shows
SEM images of the gel structure). The gel was then dried at 50oC for several hours
until it turned into a yellow powder. The resulting powder was finally sintered at
500oC for 3 hours. The procedure is shown briefly as a flow chart in Figure 2-8.
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Titanium tetraisopropoxide

H2O and acid

Figure 2-8: Schematic of titanium dioxide sol – gel preparation.

(a-1)
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Alcohol

(a-2)

(b-1)

(b-2)

Figure 2-9: (a-1) and (a-2): SEM images of the gel structure, (b-1) and (b-2): Higher resolution
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SEM images of the gel structure.

2.2.2.2 Titanium dioxide nanofiber
The procedure to obtain stable sol solution was used to fabricate TiO2 nanofibres
by electrospinning in chapter 5. TiO2 nanofibres were prepared from 1.5 ml titanium
isopropoxide (97%, Sigma Aldrich), 3 ml acid acetic (99.7%, Sigma Aldrich), and 3
ml ethanol (99.8%, Sigma Aldrich). Then, an ethanolic solution of 0.45 g
polyvinylpyrrolidone (PVP, MW = 1,300,000) and 3.5 ml ethanol were added to the
prepared TiO2 sol-solution. This solution was immediately loaded into a plastic
syringe equipped with needle for electrospinning. The applied voltage, discharge
distance, and injection rate were 17 kV, 12 cm, and 0.8 ml/h, respectively (Figure 210). The obtained TiO2 nanofibres were then calcined at an optimized temperature of
650 ºC for 3 hours.

Figure 2-10: Schematic of electrospinning set-up.

In addition to the requirement for a high surface area in the nanostructured TiO2
layer, a good connection between the TiO2 grains, as well as good adhesion to the
TCO substrate, is required to assure good electrical conductivity and reduce the
recombination rate of the injected electrons with the redox electrolyte in order to
achieve high efficiency DSSCs [63, 263, 264]. Therefore, a good paste which does
not crack after drying and has good adhesion to the TCO is crucial. The prepared sol
can be used directly for thin film deposition by dip-coating or spin-coating. In this
work, to ensure good adhesion, the TCO was first dip-coated in the sol solution of
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TiO2 to make a thin compact TiO2 layer, providing a good mechanical contact
between the TCO and the thicker layer of the TiO2 paste that was to follow. The TiO2
paste was prepared by mixing TiO2 powder (2 g) in 20 ml DI-water, 1 ml binder
solution, and 0.2 ml nitric acid. To prepare the binder solution, polyethylene glycol
(PEG 20,000Mw 1 g) was dissolved in 4 ml DI-water. The solution was then heated
at 80oC for 5 hours. The resultant TiO2 paste was deposited onto a piece of
conductive SnO2:F (FTO) glass (Pilkington TEC GlassTM, 7 Ω·sq-1) using the
doctor-blade technique. The other important factor to be considered is the thickness
of the deposited layer. A thicker TiO2 layer can absorb more dye, which results in
higher efficiency, but increasing the thickness will increase the resistivity of the
TiO2, which decreases the efficiency. So, there is a trade-off between competing
requirements that results in an optimum thickness for the TiO2 layer, which I found
to be around 8 – 10 µm for the prepared samples. The film was preheated for 30 min
at 110oC on a hotplate to remove residual solvent. The film was then heated in a box
furnace for 1 hour at 450oC, with a sweep rate of 20oC/min. The resulting layer was
~ 10 μm thick and the surface is shown (Figure 2-11).

Figure 2-11: Surface structure of deposited titanium dioxide film.

2.2.2.3 Titanium dioxide with different phases
TiO2 nanoparticles were prepared by hydrolysis of TiCl4 as precursor. TiCl4
(titanium tetrachloride 99.9%, supplied by Sigma Aldrich Chemicals) as a starting
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material was poured into a mixture of de-ionised (DI)-water, isopropanol (99%,
supplied by Sigma Aldrich Chemicals), and hydrochloric acid. The concentration of
the precursor was 0.15 M. The pH and the water to isopropanol ratio were changed
for various samples for pH values of 1, 2 and 3, and Ti/H2O ratios of 1:4 and 1:10.
The solution was aged over 3 days. Then, the solution was heated at 80 oC for several
hours to dry. The resulting powder was finally sintered at 450 oC for 2 hours.
2.2.2.4 N-doped titanium dioxide
N-doped TiO2 was prepared through the sol – gel method by hydrolysis of
titanium isopropoxide precursor with N substitution in an alcohol solution. Ethanol
was added to achieve 2.5 wt% titanium isopropoxide (TIP 97%, Sigma Aldrich) as
precursor. The solution was stirred while adding the precursor drop wise to the
ethanol in order to get a homogenous sol solution. After that, ammonium hydroxide
(Sigma Aldrich) to a final weight percentage of 0.2 % was added drop wise to the sol
solution under constant stirring to obtain the nitrogen doped colloidal solution. The
hydrolysis process was then achieved by adding deionised (DI)-water (1:4 H2O/TIP
ratio) drop wise into the solution with vigorous stirring. The solution was kept under
stirring for a further 24 hours before the N-doped TiO2 was dried at room
temperature, and pressure and the resulting powder was then sintered at 500 ºC for 3
hours.
2.2.2.5 1D TiO2 nanostructure arrays on FTO substrates
In a typical synthesis, aqueous TTIP solution was obtained by mixing 0.17 g
TTIP, 13.80 g concentrated HCl, 27.3 ml distilled water and 0.15 g CTAB (Cetyl
trimethyl ammonium bromide) with strong stirring. Then the aqueous TTIP solution
mixed with EG in a preset volume ratio of 1 : 0, 2 : 1, 1 : 1, and 1 : 2, respectively, to
form the reaction solution for hydrothermal synthesis. For the nanowire arrays
preparation, 5 mmol urea was also added. After synthesis, the FTO substrate was
taken out and rinsed thoroughly with distilled water.
2.2.3

Assembly and testing of dye-sensitized solar cells

The annealed TiO2 photoanodes were immersed in 0.50 mM ruthenium dye (N719,
Sigma Aldrich) dissolved in anacetonitrile, tert-butanol, and ethanol (1:1:2 ml)
solvent mixture and held for 24 hours in a dark place. The electrode was then rinsed
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in acetone to remove the excess dye and dried at room temperature. A platinum
coated FTO glass slide (counter electrode) was clipped to the dye adsorbed TiO2
electrode (working electrode) to make the cell. The space between the electrodes was
filled with AN-50 redox electrolyte purchased from Solaronix (Switzerland). The
final active region was 0.19 cm2.
2.2.3.1 Shading mask
A shading mask is always used to measure the efficiency of the prepared solar
cell more accurately. A shading mask should be used in order to avoid the extra light
during the measurements. However, the effect of using a shading mask on the
evaluation of the I-V curve is very important. In this thesis, all measurements are
done using a shading mask exactly the same as the active area. Though, in many of
the reported measurements, the shading mask is 1-1.2 mm larger than the active area
in order to consider the edging effect of the shading mask on the evaluated efficiency
[265].

2.3

Characterisation methods

2.3.1.1 X-ray diffraction (XRD)
The phase structure was determined by X-ray diffraction using CuKα radiation. TiO2
powdered samples were spread onto a quartz glass slide, pressed to make a thin film
and then a diffraction angle range from 2𝜃 = 20 − 80° was scanned for the samples.

From the resulting diffraction patterns, the crystallite size (T) was estimated using
the Scherrer equation [140]:
𝑇=

0.9𝜆
𝛽𝑐𝑜𝑠𝜃

Where 𝜆 is the X-ray wavelength (1.54 Å), 𝜃 is the Bragg angle of the peak of

interest which for anatse (101) is at 2𝜃 = 25.2° and for rutile (110) is at 2𝜃 = 27.4°,
and 𝛽 is the line broadening measured from the full width at half height of the main

peak via a Gaussian fit.

The mass fraction of the rutile (XR) can be calculated by the Spurr equation [266]:
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𝑋𝑅 =

1
1 + 0.8 [𝐼𝐴 (101)/𝐼𝑅 (110)]

Where 𝐼𝐴 is the intensity of the 101 peak and 𝐼𝑅 is the intensity of the 110 peak.
2.3.1.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was carried out on the nitrogen-doped specimens.
The chemical state was identified by using an X-ray photoelectron spectrometer
(XPS, ESCALAB250, VG) with monochromatized Al Kα X-ray radiation (ℎ𝜈 =

1486.6 eV). All measurements were performed under an ultra-high vacuum on the
order of 10−8 Pa. In each case, a neutralizer was used to eliminate the charge effect,
which occurs in non-conducting samples.
2.3.1.3 Field emission scanning microscopy (FESEM)
Field emission-scanning electron microscopy (FE-SEM, JEOL JSM 7500FA) was
employed to analyse the particle size and morphology. The samples were simply
prepared by mounting a very small amount of the powder onto a sample holder using
conductive carbon tape. As FESEM specimens need to be conductive to prevent
charge accumulation and yield clear images, some of the samples were coated with a
10 nm layer of conductive material, such as gold or platinum, using an Edwards
302A sputtering machine. SEM and FESEM images were widely used in this work to
study the morphology of the synthesized titanium dioxide nanostructures.
2.3.1.4 Transmission electron microscopy (TEM)
High magnification images of the manufactured nanostructures were also
obtained using a transmission electron microscope (TEM, JEOL JEM-2100 F). To
further characterize the powder structure, electron diffraction (ED) pattern analysis
was also carried out.
2.3.1.5 UV-visible absorption spectroscopy (UV-Vis)
The absorption spectra of thin films were obtained using an ultraviolet-visible (UVVis) spectrometer (Perkin-Elmer, Wellesley MA, USA). The spectra were collected
in the region of 300 – 900 nm. To use this method, a specific amount of powder was
well dissolved in a medium such as water or alcohol. Firstly, a base line reading for
the medium was measured, and then the sample measurement was done. In this
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method, the absorption of UV or visible light leads to the excitation of outer
electrons from their ground state to an excited state. The Bouguer – Lambert – Beer
law forms the mathematical and physical basis for the light absorption measurements
in gas and solution. Absorption strongly depends on the type of sample and the
environment of the sample.
2.3.1.6 Brunauer-Emmett-Teller (BET)
In addition, the surface area of the TiO2 powder layer was measured by using the
Brunauer-Emmett-Teller (BET) method through the argon gas absorption technique.
A highly dispersed solid in an enclosed space and in contact with a gas or vapour at a
definite pressure will start to adsorb the gas. The amount of gas adsorbed is
proportional to the surface area.
2.3.1.7 Raman spectroscopy
Infrared light is used in Raman spectroscopy to change the dipole moment of the
molecule. Although Raman spectroscopy is similar to FTIR spectroscopy, as they
both measure the vibration energies of molecules, it does not change the dipole
moment of the molecule. So, in order to have a Raman active vibration, the
polarisation of the molecule must change with the infrared excitation. In this method,
a small amount of TiO2 powder was spread onto a glass microscope slide using a
spatula tip. With the camera attached to the microscope, the instrument was focused
on the powder via the objective lenses. Then, the scan was recorded with a detector
exposure time of 5 sec.
In this work, Raman spectroscopy was mainly used for detection of a brookite phase
in the samples. As the brookite main peak is small and broad in XRD, even in
samples with a high amount of brookite phase, Raman spectroscopy is able to more
clearly show the brookite phase peaks.
2.3.1.8 Atomic force microscopy (AFM)
2.3.1.9 Zeta potential analysis and particle size measurements
The stability of the aqueous colloidal solution was determined by a zeta-potential
analyser, and particle size measurements were conducted using the dynamic
Zetasizer (Malvern Instruments 2000).
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When an electric field is applied across an electrolyte, charged particles suspended in
the electrolyte are attracted towards the electrode of opposite charge. Viscous forces
on the particles tend to oppose this movement. When the two opposing forces reach
equilibrium, the particles move with constant velocity.
The velocity of the particles depends on the following factors:
•

Strength of electric field or voltage gradient.

•

The dielectric constant of the medium.

•

The viscosity of the medium.

•

The zeta potential.

The electrophoretic mobility is the velocity of particles in an electric field. The
electrophoretic mobility is determined by performing an electrophoresis experiment
on the sample and measuring the velocity of the particles using laser Doppler
velocimetry (LDV).
Figure 2-12 shows the diagram of the measurement cell. The cell has two electrodes
to which a potential is applied. Particles move towards the electrode of opposite
charge. Their velocity is thenmeasured as their mobility [267].

Figure 2-12: Diagram of cell used to conduct the zeta potential measurements.

More details of the measurement system can be seen from Figure 2-13, where light
scattered at an angle of 17º is compared to a reference beam. This produces a
fluctuating intensity signal where the rate of fluctuation is proportional to the speed
of the particles. To extract the characteristic frequencies in the scattered light, a
digital signal processor is used.
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Figure 2-13: LDV measurement technique.

The zeta potential is then determined using the Henry equation [268]:
𝑈𝐸 =

2𝜀𝑧𝑓(𝑘𝑎)
3𝜂

Where z is the zeta potential, 𝑈𝐸 is the electrophoretic mobility, 𝜀 is the dielectric

constant, 𝜂 is the velocity and 𝑓(𝑘𝑎) is Henry’s function. 𝑓(𝑘𝑎) is generally
approximated with the value of either 1.5 when the measurement is done in aqueous
solution or 1 for small particles in low dielectric constant media.
The technique that is used to measure the particle size distribution in the sol solution
is dynamic laser diffraction. This technique measures the angle and intensity of light
scattered by the particles passing through the laser beam. This technique can also

determine the distribution profile of small particles in suspension, relating their size to
the angle of their scattered light, as shown in Figure 2-14. Large particles scatter light
at narrow angles with high intensity, whearas small particles scatter at wider angles,
but with low intensity (Figure 2-15) [269].
This technique has a very large dynamic range, from 3.5 mm to below 100 nm, as
defined by the range of angles over which the scattering pattern is collected and the
optical configuration of the instrument [269]. The laser diffraction technique is
flexible to use for different types of samples to measure. We used this method for
characterising the sol solution and the powder that was subsequently obtained from
the same preparation, which was then dispersed in a liquid medium.
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Figure 2-14: Diagram of dynamic laser diffraction method.

Small particle

Figure 2-15: Representative output from the LDV method.

Figure 2-16 shows the results for a stable sol solution obtained under controlled
conditions of hydrolysis rate and pH which will be described in more detail later in
the next section.
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Figure 2-16: Size distribution and zeta potential measurement of a stable TiO2 solution.

2.3.1.10 Electrochemical impedance spectroscopy (EIS)
EIS measurements can be done under any bias illumination and under any working
conditions of the solar cell. The method that is usually used, however, is to apply a
single frequency perturbation at open circuit voltage:
𝑉(𝑡) = 𝑉𝑜𝑐 + 𝑉0 cos(𝜔𝑡)

(2-6)

The response has the same period as the voltage perturbation but a phase shift of 𝜑
(Figure 2-17):

𝐼(𝑡) = 𝐼𝑜𝑐 + 𝐼0 cos(𝜔𝑡 − 𝜑)

(2-7)
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Where 𝑉0 and 𝐼0 are the voltage and current modulation signals, respectively, and 𝜔

is the radial frequency in radians per second. The impedance would be the ratio of
the time – dependent voltage to the time – dependent current:
𝑍=

𝑉0 cos(𝜔𝑡)

𝐼0

= 𝑍0
cos(𝜔𝑡−𝜑)

cos(𝜔𝑡)

(2-8)

cos(𝜔𝑡−𝜑)

The notation in complex units would be as follows:
𝑍 = 𝑍0

exp(𝜔𝑡)

exp(𝜔𝑡−𝜑)

= 𝑍0 (𝑐𝑜𝑠 𝜑 + 𝑗𝑠𝑖𝑛 𝜑)

(2-9)

Figure 2-17: The applied voltage perturbation and the resulting current response.

From the equation above, the real (𝑍 ′ = 𝑍0 𝑐𝑜𝑠 𝜑) and the imaginary (𝑍 ′′ = 𝑍0 𝑠𝑖𝑛 𝜑)

parts of the impedance can be plotted. A representation of −𝑍 ′′ vs. 𝑍 ′ is a Nyquist

plot such as is used in this work, while the representation of the phase angle 𝜑 vs.

frequency would be the Bode plot.

2.3.1.10.1 Experimental condition for a valid EIS measurement

In order to model a system in this way, the system needs to be linear. In a linear
system, the response to the perturbation is proportional to the imposed perturbation.
Also, liniarity implies that the response of the system to the sum of the imposed
perturbations would be equal to the sum of the individual responses to the imposed
perturbations.
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Considering the DSSC as a system, it is not linear due to its I – V curve. One way
that we can model this system as linear is to only consider the small portion of the
cell’s current versus voltage curve which behaves linearly. Therefore, when carrying
out an EIS measurement on a DSSC, only a small perturbation voltage of 1-20 mV is
applied, ensuring that the response is within the linear response range of the cell
(Figure 2-18).

Figure 2-18: I – V curve of the DSSC system highlighting the region over which it behaves linearly.

Based on the above explanation, the I-V curve is measured prior to the Impedance
Spectroscopy in order to find the corresponding voltage of the linear part of the cell
characteristic. The measured voltage is then applied in the Impedance Spectroscopy
measurement as a bias voltage.
A typical EIS spectrum is shown in Figure 2-19. For a DSSC under illumination,
there are three semicircles in the Nyquist plot and three frequency peaks in the Bode
diagram. The semicircles from low to high frequencies are related to the Nernst
diffusion of ionic species in the electrolyte, electron transfer at the TiO2/electrolyte
interface, and the redox reaction at the platinum counter electrode, respectively. In
some cases two peaks may overlap, and sometimes the low frequency peak may not
be visible under the mid-frequency semicircle.
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Figure 2-19: EIS spectra of a typical DSSC under illumination (a) Bode and (b) Nyquist plots.

Where CE represents the counter electrode.
EIS data can be used to model the equivalent electrical circuit of the system, which
may consist of resistance, capacitance, and inductance in series or parallel in specific
arrangements. The most common circuit elements used to explain an electrochemical
cell’s behaviour can be briefly described as follows:
The resistance: The ohmic resistance is based on the conduction and represents the
resistance to electric charge transfer. It is simply defined as:
𝑍𝑅 = 𝑅

(2-10)
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Double layer capacitance: The charge separation at the interface between the
electrode and the surrounding electrolyte causes this double layer to form. The
process is that the ions on each side of the interface approach the electrode surface,
creating two parallel layers of equal and opposite charge as can be seen in Figure 220.

Figure 2-20: Helmholtz double layer.

This double layer acts as a charge storage device and can be modelled as a capacitor
with an impedance of 𝑍𝐶 defined as follows:
𝑍𝐶 =

1

𝑗𝜔𝐶

(2-11)

Where j is the imaginary number and 𝜔 is the radial frequency.

Electrochemical reaction: The electrochemical reaction can be modelled a resistor
and a capacitor in parallel. While the resistor models the kinetics of the
electrochemical reaction, the capacitor describes the charge separation at the
interface. Thus, the total impedance can be defined as:
𝑍=

1
1� +𝑗𝜔𝐶
𝑅

(2-12)

The corresponding Nyquist diagram shows a semicircle with diameter R (Figure 321). Therefore, facile reaction kinetics will show a small diameter, and a highly
resistive electrode will show a huge semicircle [270]. The time constant of the
reaction 𝜏 would be written as:
𝜔𝑚𝑎𝑥 =

1
𝜏

=

1

(2-13)

𝑅𝐶
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Where 𝜔𝑚𝑎𝑥 is the radial frequency at the maximum of the semicircle as can be seen

in Figure 2-21.

Figure 2-21: Circuit diagram and its corresponding Nyquist diagram.

Mass transport: Mass transport is based on a diffusion process that can be modelled
by a Warburg circuit element. A Warburg impedance is small at high frequencies
since the diffusing reactants do not have to move very far, while at low frequencies,
the diffusing reactants have to go further, which increases the Warburg impedance.
The Warburg impedance definition is as follows [270]:
𝑍𝑊 =

𝜎𝑖

√𝜔

(1 − 𝑗)

(2-14)

Where 𝜎𝑖 is the Warburg coefficient for species i and is given by:
𝜎𝑖 =

𝑅𝑇
1
(
)
(𝑁𝐹)2 𝐴√2 𝐶𝑖 �𝐷𝑖

(2-15)

Where the electrode area is A, the number of electrons transferred to the electrode is
N, the bulk concentration of the reactant species i is 𝐶𝑖 , 𝐷𝑖 is the relevant diffusion

coefficient, R is the ideal gas constant, T is the absolute temperature and F is the
Faraday constant. The Warburg impedance appears on the Nyquist plot as a 45º
diagonal line, as shown in Figure 2-22.
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Figure 2-22: Warburg impedance and its corresponding Nyquist plot.

There have been many studies on the electrical modelling of the DSSC [271-276].
Due to the inherent complexity of the photoelectrochemical reactions occurring in
cells, however, modelling them in terms of resistive and capacitive elements is not a
straight forward process.

Figure 2-23: Transmission line model of the DSSC.

Bisquert et al. [275] suggested an infinite transmission line model based on the
diffusion – recombination concept (Figure 2-23) [28]. In this model the whole
nanocrystalline TiO2 film is modelled as an interconnected network of nanoparticles.
Based on the described diffusion recombination model, three different situations can
be considered, as shown in Figure 2-24. The cases correspond to the situations where
the charge transfer resistance associated with the recombination of electrons at the
TiO2/electrolyte interface is higher than, equal to, or lower than the electron transfer
resistance trough the semiconductor.
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Figure 2-24: Impedance spectra of the diffusion recombination model: recombination of electrons at
the TiO2/electrolyte interface is (a) higher than, (b) equal to, or (c) lower than the electron transfer
resistance trough the semiconductor.

It should be noted that the shape of an impedance spectrum is strongly dependent on
the light intensity and the potential applied to the system. Therefore, it is very
important to take these parameters into account at the time of measurement.
2.3.1.11 Photovoltaic characterisation
2.3.1.11.1 Solar simulator

The photocurrent density – voltage (J-V) characteristics were measured by exposing
the cells to air mass (AM) 1.5 simulated sunlight from a solar simulator (Peccell
Technologies, PEL-L12) in combination with a Keithley 2400 source meter.
The overall efficiency of the dye-sensitized solar cell is determined by its maximum
power point (MPP) over the input power (intensity of incident light) which is 100
mW cm-2 for full sunlight (1 sun, 1.5 global). Figure 2-25 shows an experimental I-V
curve together with the associated power curve.
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Figure 2-25: Typical I-V curve and cell’s output power (dashed line).

Therefore, the efficiency would be:
𝜂=

𝐼𝑀𝑃𝑃 𝑉𝑀𝑃𝑃

𝐹𝐹 =

𝐼𝑆

𝐼𝑀𝑃𝑃 𝑉𝑀𝑃𝑃

𝑜𝑟

𝜂=

𝐼𝑆𝐶 𝑉𝑂𝐶
𝐼𝑆

𝐹𝐹

(2-16)
(2-17)

𝐼𝑆𝐶 𝑉𝑂𝐶

Where 𝐼𝑀𝑃𝑃 and 𝑉𝑀𝑃𝑃 are the current and the voltage at the maximum power point,

respectively, 𝐼𝑆𝐶 is the short circuit current, 𝑉𝑂𝐶 is the open circuit voltage, 𝐼𝑆 is the
intensity of the incident light and FF is the fill factor, which is the ratio of the solar
cell’s actual power to that obtained from its 𝐼𝑆 and 𝑉𝑂𝐶 .

2.3.1.11.2 Incident photon-to-current quantum conversion efficiency (IPCE)

The incident photon-to-current quantum conversion efficiency (IPCE) was measured
as an action spectrum, for which an optical fiber (3 mm in diameter) for
monochromatic irradiation (Peccell Technologies, PEC-S20DC) is used. The
monochromatic photocurrent was monitored by the continuous irradiation (dc
measurement) method.
The incident photon to current conversion efficiency is defined as the ratio of the
number of photogenerated electrons flowing in the external circuit (Nelectrons) to the
number of incident photons with a given wavelength (Nphotons):
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𝐼𝑃𝐶𝐸(𝜆) =

𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

(2-18)

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠

Using the equation for the photocurrent, the IPCE will be defined as:
𝐼𝑆𝐶 = 𝑞𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 /𝑡
𝐼𝑃𝐶𝐸(𝜆) =

(2-19)

𝐼𝑆𝐶

(2-20)

𝑞𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 /𝑡

Where q is the elementary charge, 𝐼𝑆𝐶 is the short circuit photocurrent and t is the

time. Consequently, the number of incident photons at a specific wavelength would
be as follows:
𝑃𝑖𝑛𝑐 =

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑡

ℎ𝜐 =

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑡

ℎ

𝐶0

(2-21)

𝜆

Where h is Plank constant, 𝜈 is the frequency, 𝐶0 is the speed of speed of light and 𝜆

is the wavelength. Substituting the above equation into the IPCE equation above, the
value of IPCE can be written as:
𝐼𝑃𝐶𝐸(𝜆) =

𝐼𝑆𝐶

𝑞𝜆𝑃𝑖𝑛𝑐 /ℎ𝐶0

=

𝐼𝑆𝐶 ℎ𝐶0
𝑞𝜆𝑃𝑖𝑛𝑐

=

𝐼𝑆𝐶 1240

𝑃𝑖𝑛𝑐

𝜆

∗ 100%

(2-22)

Finally, the incident photon to current efficiency can be expressed as a function of
three efficiencies as follows:
𝐼𝑃𝐶𝐸(𝜆) = 𝜂𝑎𝑏𝑠 (𝜆)𝜂𝑖𝑛𝑗 (𝜆)𝜂𝑐𝑜𝑙 (𝜆)

(2-23)

Where 𝜂𝑎𝑏𝑠 (𝜆) is the light absorption efficiency of the dye, 𝜂𝑖𝑛𝑗 (𝜆) is the quantum
yield of the electron injection and 𝜂𝑐𝑜𝑙 (𝜆) is the efficiency of the collected injected
electrons at the conducting glass electrode [28].

High efficiency cells can achieve very high IPCE values over a broad range of the
visible spectrum, which means that the injection and collection efficiencies are close
to 100%, considering the losses as well.
2.4

Conclusions

This chapter represents the basic principles of the sol – gel method and how it can
affect the particle size and morphology. It also represents the materials and
experimental procedures used to synthesise the desired titanium dioxide
nanoparticles. All the characterisation methods are also explained. In the next
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chapter, well dispersed TiO2 nanoparticles are prepared through sol – gel method
using the explained procedure in this chapter to obtain different particle sizes with
different surface areas.
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3 AQUEOUS COLLOIDAL STABILITY EVALUATED BY ZETAPOTENTIAL MEASUREMENT AND RESULTANT TIO2 FOR
SUPERIOR PHOTOVOLTAIC PERFORMANCE

3.1

Introduction
The growth of universal demands for green energy has necessitated the

development of solar cells. A potential candidate for the next generation of
photovoltaic cells is the dye-sensitized solar cell (DSSC), which is a relatively low
cost solar cell technology. [57, 85, 94, 97, 277, 278] During the last two decades,
many groups have studied the DSSC to obtain higher power efficiency, longer
durability, and lower internal resistance. [97, 100, 279, 280] So far, the DSSC has
exhibited a maximum photovoltaic efficiency of about 11%. The electron-collecting
layer is typically a 10 µm thick film with well-interconnected 15-20 nm sized
nanoparticles, which could be obtained from anatase phase TiO2. [281, 282]
However, sophisticated techniques such as screen printing, [283, 284] or scattering
[282] and blocking layers [264, 285] are typically used to achieve the high
efficiency. To further improve efficiency, morphological engineering of anatase TiO2
is a crucial factor for obtaining sufficient dye loading, and thereby, the large surface
area of the mesoporous TiO2 photoanode enables efficient light harvesting,
maximizing the amount of photogenerated charge. [89, 102, 286, 287]
Among the various fabrication methods for nanostructured TiO2, the sol-gel
method is a simple approach that is conventionally used for mass production. [86, 87,
288, 289] There have been intensive research efforts aimed at controlling the
mesoporous structure, narrow size distribution, and large specific surface area.
However, what is important is that TiO2 nanoparticles spontaneously tend to
aggregate due to van der Waals interactions. [169, 170, 172, 290] It is thus necessary
to resist aggregation between TiO2 particles in order to obtain well-dispersed fine
particles. In the literature, many groups have studied methods of minimising the
aggregation of TiO2 nanoparticles by using ball-milling, [291] ultrasonication, [173]
or the use of organic surfactants. [171, 174] Even though growth assisted by
surfactants is quite effective, higher sintering temperatures are needed to remove
residual organic compounds. In addition, the long ball-milling process causes
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irregular shapes and breakage of the mesoporous microstructure and ball-milled
powder is also easily contaminated. Furthermore, a special dispersant is needed for
the ultrasonication method. [292-294] To circumvent these problems, obtaining
stable aqueous dispersion of nanosized titania is crucial in order to prevent
aggregation at the early stage of particle formation. Since the stability of colloidal
system is, in most cases, the result of high electrostatic repulsion, the size and the
aggregation state of particles can be managed by controlling the colloidal stability. In
order to achieve stable dispersion of nanoparticles, surface charge modification is
required to prevent agglomeration. This can be measured by electrophoresis and zeta
potential measurement. Many researchers have used zeta potential measurement to
study colloidal stability. [173, 295-297] At this stage, they have mostly investigated
the stability of dispersed nanoparticles in the solution. Therefore, they have just used
the zeta potential as a reference to measure how well the particles are dispersed into
the solution. [296, 297] However, we have used the zeta potential as reference to
control the formation of nanoparticles. To our best knowledge, there is a lack of
study for correlation between TiO2 aggregation, particle size and synthesis condition.
For example, Chen et al. investigated the effect of pH (1-7) on crystallite size in a
high water regime (water/Ti precursor >40). [298] They showed that the crystallite
size increases with increase in water/Ti ratio and pH. However, they haven’t shown
the effect of each individual condition on the particle size and agglomerate size. In
this study, we chose a ratio of 30 for the high water/TIP regime as, with any further
increase of water content, due to the increase in the amount of protons, the solution
becomes less stable and, due to higher Van der Waalse forces, there is higher
agglomeration which is not useful for DSSC application. Santana et al. also reported
the effect of TiO2 nanoparticles prepared at pH 3, 7, and 9 on the photocatalitic
properties of TiO2 but they didn’t mention the amount of water for hydrolysis and

the effect of pH on the agglomerate size. [299] They showed that the crystallite size
reaches to its maximum size at pH 7 while we showed that the agglomerates grow at
higher pH. In [300] Ibrahim et al. showed that the pH can affect the agglomeration
but there is a lack of systematic study and indication on how it affects the
agglomeration and physical properties of synthesized nanoparticles. Herein, we have
used feed-back from zeta-potential analysis of the aqueous colloidal solution to
improve the power conversion and quantum efficiency of the DSSC. Therefore,
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stabilized TiO2 colloidal solutions were prepared by adjusting the potential of
hydrogen (pH) and water/titanium isopropoxide (TIP) ratio conditions to obtain welldispersed TiO2 nanostructures. In particular, particle sizes and the tendency towards
aggregation were evaluated by zeta-potential analysis through surface charge
variation. A strong correlation between the aqueous colloidal conditions and the TiO2
morphology was found to exist, with relevance to the solar cell efficiency, and
further improvements are also expected. To show that, we simply used a block layer
to reduce the recombination rate at the FTO glass-electrolyte interface.
3.2

Results and discussion
The aqueous colloidal solutions to obtain desired TiO2 nanoparticles with

specific conditions were prepared as described in the previous section. In this work,
the aqueous colloidal solution refers to the prepared sol solution, while the synthesis
condition refers to the pH and water content at the beginning of hydrolysis. Figure 31(a) shows the zeta-potential of two different kinds of aqueous colloidal solutions
prepared as a function of pH value. The aim is to evaluate the stability of the aqueous
colloidal solutions by determining the magnitude of the zeta-potential. Here, the pH
concentration was controlled by the addition of either HCl or NH4OH. The
hydrolysis rate was adjusted by changing the water/TIP ratio. At a high water/TIP
ratio, hydrolysis of titanium alkoxide is very fast, and therefore, nucleation and
growth are completed much faster compared to a low water/TIP ratio. This means
that the relative amount of water is the key to control the hydrolysis rate. In solution
synthesis, there is always a competition between the formation of aggregates and
nucleation and growth which directly determines the final particle size [301].
Lowering the hydrolysis rate (as a result of lower amounts of water), however,
resulted in a more stable TiO2 colloidal solution, which, in turn, leads to the
formation of aggregates [302]. From zeta-potential measurements, stability and
growth of aggregates can be predicted because particles tend to aggregate as the
electric potential approaches zero. It is well known that under different colloidal
conditions with either more than +20 mV or less than -20 mV potential, particles
tend to repel each other (breakage of particle aggregations), i.e., in the range of pH 13. That is to say, aggregation does not occur under these experimental conditions.
The aqueous colloidal solution becomes unstable, however, around pH 4. With pH >
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4, the TiO2 colloidal particles would start to aggregate. Quite interestingly, two
different hydrolysis rates, depending on the amount of water, show the same trend as
a function of pH. If the hydrolysis rate becomes slow, however, with a small amount
of water (R = (H2O/TIP) = 4), the TiO2 colloidal particles have a tendency to become
more stable, which might lead to the formation of a rutile phase. The isoelectric point
(IEP) was estimated to be 6.3 and 7.5 pH, for R = 4 and R = 30, respectively. In the
literature, the IEP commonly occurs under neutral conditions. As there is no
repulsion between the particles at the IEP, the colloidal system normally becomes
less stable. As a result, the particles tend to form large aggregates and precipitate.
The control of the zeta potential near the isoelectric point (IEP) is difficult, if not
impossible because of the tendency of the particles to agglomerate at zeta potential
values higher than -10mV and /or lower than +10mV. And that’s exactly why we
haven’t shown any measurements in the proximity of IEP. The nearest zeta potential
values to the IEP we have reported in the present manuscript are at 12.7 and 13.8
which demonstrate the early stage stability of the particles in the suspension. The pH
probe which is used is the Large display ATC pH pen 850052 with a stated accuracy
of ±0.05 pH across the range of 0-14 pH. The pH meter is calibrated at two points,
starting with pH 7 and then at pH 4 and/or pH 10. In our study, each measurement
was repeated 10 times for each sample and three samples are prepared for each pH.
The standard deviations of the measurements have been added to the figure which
was previously missed. The colloidal particle size estimated by the magnitude of the
zeta-potential is also shown in Figure 3-1(b).
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Figure 3-1: (a) Zeta-potential versus pH and (b) colloidal particle size versus zeta-potential.

Figure 3-2: (a) Particle size and (b) surface area versus pH.
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After we obtained the TiO2 nanoparticles through the sintering process, we
measured the distribution of particle size as a function of colloidal pH, as shown in
Figure 3-2. For this purpose, different powders were dispersed in an appropriate
solution through ultrasonication. Quite interestingly, as was the trend in Figure 31(b), particle sizes become bigger as the pH increases. The TiO2 particles obtained
were relatively larger than the colloidal particle size, which was estimated from the
zeta-potential. This is because the colloidal particles also tend to aggregate during the
sintering process. The values for the corresponding specific surface areas are also
shown in Figure 3-2(b). Here, we found that a more highly acidic solution (pH = 2 to
4) led to finer TiO2 particles, compared to basic conditions (pH = 10 to 12). In
addition, a slow hydrolysis rate (R = 4) tends to lead to slightly finer particles. It is
noteworthy that the resulting surface area can be mainly linked to pH, and the
water/TIP ratio is less important. The corresponding field emission scanning electron
microscope (FESEM) images are shown in Figure 3-4. Here, powders prepared with
a high water/TIP ratio (R = 30) show a strong tendency towards aggregation of
particles, and their particle size becomes slightly bigger. As a result, we obtained
TiO2 nanoparticles (approximately 20 nm in diameter) under the pH = 2 condition
without aggregation, providing us with an optimised powder material for the
construction of high efficiency DSSCs.
In order to have a reference spectrum for the pure titanium dioxide and compare it
later to the results obtain from the doped titanium dioxide, XPS analysis was done on
the sample with a particular water/TIP ratio (R = 30) and pH = 2.
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Figure 3-3: (a) the whole XPS spectra, (b) Ti 2p binding energy of synthesized TiO2 with R = 30 and
pH = 2.

As can be seen from Figure 3-3, the Ti2p3/2 line is positioned at 458.5 eV, which,
within the experimental error, corresponds to the binding energy for Ti2p3/2 in TiO2.
We also considered the phase and crystallinity of the resultant TiO2. Figure 3-5
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shows X-ray diffraction patterns of samples with different pH and water/TIP ratio
conditions. From the figure, a small fraction of rutile phase appeared under acidic
conditions with R = 4. The relative intensity of the fraction of rutile phase was
calculated using Equation (1) [266]:
1
(101)
⁄IR (110)]
A

FR=1+0.8[I

× 100

where IA and IR refer to the intensities of the characteristic anatase and rutile

peaks in the XRD spectrum, respectively. From Equation (1), the calculated value
was 18% for the sample with R = 4 grown under pH = 2 conditions. Formation
possibilities for rutile phase can be attributed to the fact that the hydrolysis rate under
a large amount of water (R = 30) is faster. Basically, there is insufficient time to form
the rutile phase. In contrast, a low hydrolysis rate leads to more stable phases such as
rutile. The rutile phase is known to be chemically stable, even at high temperature
[303]. It is hard to gain higher power conversion efficiencies, however, by using it
rather than the anatase phase. Recently, however, a small fraction of rutile TiO2 was
reported to be quite effective for enhancing the power conversion [304]. It should
also be noted that a fast hydrolysis rate (R = 30) leads to only anatase phase TiO2,
which is obviously independent of pH concentration, while the pH concentration
strongly influences the particle size.
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Figure 3-4: SEM images of TiO2 nanopowders for R = 4 (a), (c), and (e), and R = 30 (b), (d), and
(f), at pH 2, 7, and 12, respectively.
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Figure 3-5: XRD spectra of the TiO2 nanopowders for (a) R = 4 and (b) R = 30, prepared at pH
2, 7, and 12, as indicated.
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Figure 3-6: TEM images of the sample generated with R = 30 and pH 2. (a) Bright field image,
(b) dark field image, (c) high resolution image, (d) ED pattern of selected particle in (e), (e) selected
particle, and (f) FFT pattern of the indicated particle in (e).

From the viewpoint of crystallinity, full width at half maximum (FWHM) values
of anatase (101) were also estimated from the XRD patterns, because the peak
sharpness depends not only on the lattice strain or distortion, but also on the particle
size. We observed that the FWHM of the anatase (101) peak decreased as the pH
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changed from acidic to basic. This indicates better crystallinity. For example, the
FWHM of the anatase (101) peak under the R = 4 condition was estimated to be
0.55, 0.48, and 0.37, respectively, for pH = 2, 7, and 12. The corresponding values
were 0.66, 0.64, and 0.44 for R = 30. This behaviour can be mainly explained by the
particle size effect, as can be seen in Figure 3-4.
In order to further analyse the TiO2 powder prepared under pH = 2 and R = 30
conditions, TEM analysis was carried out, as can be seen in Figure 3-6. The dark
field image in Figure 3-6 (b) shows that the particle sizes of the TiO2 powder are in
the range of 10-30 nm in diameter. It was revealed that those nanoparticles were well
crystallized, as can be seen in the high resolution image of Figure 3-6 (c). To know
in which phase those powders crystallized, we investigated the electron diffraction
(ED) patterns. The ED pattern shown in Figure 3-6 (d) clearly demonstrates that only
TiO2 anatase phase is obtained. The small particle 5 nm in diameter in Figure 3-6 (e),
which is denoted by a rectangle, is also well crystallized TiO2 anatase, as is
confirmed by the fast Fourier transform (FFT) (Figure 3-6(f), [02� 1] beam
orientation).

Figure 3-7 also compares TEM images of agglomerated and well dispersed
nanoparticles of TiO2. As can be seen, the well-dispersed nanoparticles are in the
range of 10 nm in size while severe agglomeration of TiO2 nanoparticles has raised
the overall particle size to well over 100 nm.

Figure 3-7: TEM image of agglomerated and well dispersed nanoparticles.
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The resultant TiO2 powders were used to fabricate electrodes for dye-sensitized
solar cells. The paste and the cell was prepard using the method explained in chapter
2 (page 51) and the final thickness was adjusted to be 10 µm. Indicators of
photovoltaic performance, such as open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and power conversion efficiency (𝜂), of selected
samples were investigated (Figure 3-8). To evaluate robustness and repeatability, the
measurements were performed at least six times for each sample. Interestingly, the
Voc increased as the particles became smaller, as shown in Figure 3-8(a). Voc,
however, is normally known to increase with increasing particle size of TiO2 [305].
This low Voc might be caused by a fragile TiO2 electrode connection that resulted
from using larger TiO2 particles. That is to say, the TiO2 electrodes observed in our
study had many cracks, and the adhesiveness of the TiO2 electrode was poor when
aggregated large particles were used.

Figure 3-8: (a) Open-circuit voltage, (b) short-circuit current, (c) efficiency, and (d) fill factor versus
pH 2, 7, and 12.
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Figure 3-9: IPCE spectra of TiO2 nanopowders for (a) R = 4, (b) R = 30 at pH 2, 7 and 12.

There was an increase in Jsc for the TiO2 powders obtained from acidic
conditions, as is shown in Figure 3-10 (b). To explain this behaviour, we need to
consider the charge distribution over the atoms involved in the reaction. Based on the
fact that, the dye is a negatively charged media, we have shown that highly positively
charged particles are needed to be able to adsorb the dye more efficiently and to
achieve higher efficiencies. It is essential to note that the Ru-based dyes usually used
in DSSCs applications are highly negatively charged and quite unstable in solution.
[306-308] Therefore, although nanoparticles produced at pH 12 are almost
comparable to those produced at pH 2, in terms of their surface charges are very
different. For DSSC applications, particles with highly positively charged surface
profile can facilitate higher dye loading with notable stability. As a result, the asprepared nanoparticles at pH 12, although more stable than particles prepared at pH 7
based on their Zeta Potential values, are not suitable for DSSC application and the
resultant solar conversion efficiency is much lower compared to even as-prepared
pH7. When the nanoparticles are prepared in acidic conditions, the resultant structure
is more positively charged leading to a better and more homogenous adsorbance of
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the dye molecules on the surface. At this point, also, the associated shift of the TiO2
canduction band improves the electron injection as can be seen, samples prepared in
acidic conditions showed higher short circuit current compared to the other samples
further verifying that the absorbance is much more enhanced in the case of samples
with higher positive charge on the surface (Figure 3-10 (b)). Therefore, for the first
time, we have shown that the preparation of highly positively charged samples is a
pre-requisite that should be met to achieve higher efficiencies. We have hypothesised
that for surface adsorption to take place, the substrate must also possess a surface
charge opposite to that of the molecules to be adsorbed. Therefore, achieving higher
efficiencies is an optimization of all the conditions mentioned above, including zeta
potential, particle size and the charge type on the surface of particles. That is,
although the size of the TiO2 nanoparticles is an important factor for photovoltaic
performance, the electrical properties of that is also crucial for higher conversion
efficiency. The corresponding IPCE results are also shown in Figure 3-10 (c). The
sample prepared at pH 2 and R = 30 reached a maximum of 68% around the
wavelength of 550 nm. In particular, the spectrum also showed high response at long
wavelengths over 600 nm. As the pH of the synthesis increase, the IPCE response
gets more degraded. This was due to the lower density and stability of the dye
molecules adsorbed on to the TiO2 film in these samples.
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Figure 3-10: (a) Schematic of DSC with blocking layer, (b) I-V curve for samples with pH 2, R=30
(red) and R=4 (black), (c) IPCE of the samples with pH2, R=30 and R=4.

In this study we did a basic characterisation of the nanoparticles of TiO2 which
can be used at a later stage with the other methods to improve the efficiency of the
DSSC. For instance, one way to improve efficiency is to reduce the recombination
rate. The main unwanted recombination in DSSCs is at the FTO-electrolyte interface,
at which collected electrons in the anode recombine with the I3- ions in the
electrolyte at the front electrode instead of the back electrode. Figure 3-10 (a) shows
the porous structure of nanoparticles, which cannot separate the electrolyte from the
FTO glass. Hence, to avoid recombination at the FTO-electrolyte interface, a thin
layer of TiO2 should be placed between the FTO and TiO2 nanoparticles. We dipcoated the FTO in the sol solution to prepare a thin coating of TiO2 for this purpose.
Through this process, a uniform coating of titanium dioxide layer is deposited at a
constant dipping rate of 1.6 mm·s-1. An FESEM image of the surface of the dipcoated layer is shown in Figure 3-11. With this dip-coated layer, the efficiency of the
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cells with pH 2 and R = 30 shows an increase from 4.32% to 6.54%, while the
efficiency of the sample with pH2 and R = 4 shows an increase from 4.2% to 5.91%
(Fig 3-10(b)). This again demonstrates that the recombination rate at the interface of
the TiO2-FTO with the electrolyte plays an important role in the DSSC efficiency
and that with the use of improved methods, such as the blocking layer, we can easily
improve the efficiency by preventing the recombination at the TiO2-FTO interface.
The IPCE of both samples also showed a slight increase, as can be seen in Figure 310 (c).

Figure 3-11: SEM image of the surface of the dip-coated TiO2 layer.

Recently, many groups have reported efficiencies around the 8% for DSSC
[309-314] with 4%-6% reported efficiencies for TiO2 nanoparticles. [310, 313-318]
However, all these solar cell efficiencies are measured using a mask with 1-1.2mm
larger than the active area from each side which boosts the efficiencies by almost
40%. However, in industrial and commercial applications, masks with the same
active area of the as-prepared films are used. As mentioned before, we used a mask
with exactly the same size as the active area based on industrial pre-requisites which,
based on the Gratzel’s report [265], can reduce the efficiency to the almost 40% of
the masks others have used. If we take into account this factor of 40% by using a
larger mask, our as-prepared samples will show an efficiency of almost 6.02% in the
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case of the as-prepared sample at pH 2 which is one of the best performing reported
TiO2 nanoprticles solar cells. In addition, most of the papers utilise the scatter layer
[310, 314, 318] in order to boost their efficiencies and achieve higher efficiency.
Herein, to enhance the light harvesting efficiency and hence, improve the overall
efficiency we also utilise the light scattering layer. This layer is added on top of the
semiconductor layer. In this method larger particles can be used to scatter more light
in the red part of the solar spectrum where the absorption of the used sensitizer dye is
weak. In other words, this layer is capable of transforming low/high energy photons
into high/low energy visible photons that can be easily absorbed by the dye. In this
study, we used the well dispersed large particles produced by the synthesis
conditions with R = 4 and pH = 12 on top of the particles synthesized with R = 30 or
4 and pH = 2. Using this method, the efficiency of the cell with R = 30 increased
from 6.54% to 7.15%, as shown in Figure 3-12(b).

Figure 3-12: (a) Schematic of DSSC with light scattering layer and corresponding FESEM images of
the light scattering layer (top) and the nanoparticle layer (bottom), (b) J-V curves for samples with pH
2, R=30 (red) and R=4 (black), (c) IPCE of the samples with pH 2, R = 30 (red) and R = 4 (black).

As can be seen from Figure 3-12 (b), the increased efficiency is due to the increase in
photocurrent which results from the increase in light harvesting efficiency caused by
the light scattering layer, although the open circuit voltage has decreased as the
overall resistance of the TiO2 has increased. The decrease in the open circuit voltage
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is too small, however, to be significant compared to the increase in the overall
efficiency.
4.

Conclusions
We evaluated the photovoltaic performances of samples with different TiO2

particle sizes prepared by the sol-gel process. In our study, stability of the aqueous
colloidal solution was predicted by determining the magnitude of the zeta-potential.
Aggregation of TiO2 did not occur in the pH range of 2-3 and the highly acidic
conditions led to finer TiO2. The colloidal solution also becomes unstable above pH
4. It is noteworthy that the specific surface area and the particle size strongly depend
on the pH of the aqueous colloidal solution. It was also determined that the
hydrolysis rate, controlled by the water/TIP ratio, strongly influences the resultant
phase. The effects of different synthesis conditions on the phase structures are further
investigated in chapter 6. With the conditions optimised, we were able to consistently
produce well-dispersed anatase TiO2 particles 10 – 20 nm in size which allowed us to
construct DSSCs showing 𝜂 of 4.24 %, Voc of 0.68 V, Jsc of 8.78 mA·cm-2, and FF of

0.65. In the next chapter, the well-dispersed sol solution prepared via the method
explained in this chapter is used to fabricate high surface area mesoporous TiO2
nanofibers.
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4 MESOPOROUS TIO2 NANOFIBERES FOR DYE-SENSITIZED SOLAR
CELLS

4.1

Introduction
Titanium dioxide (TiO2) has been widely studied for use in photovoltaic cells

because of its wide band-gap (3.0-3.2 eV), cost-effectiveness, and environmental
friendliness [102, 128, 277]. In particular, the particular tailored morphology of TiO2
nanostructures undoubtedly plays a key role in determining their electrical
conductivity and cell efficiency [319, 320]. For example, one-dimensional (1D) TiO2
structures have shown unique properties in electronic and photonic devices from the
viewpoint of charge transport [321-324]. Charge transport in the photovoltaic cell is
always associated with diffusion, and it is strongly limited by the trapping and detrapping between particles [278, 325, 326]. The slow electron transport between TiO2
particles normally increases the rate of recombination of carriers with electrolyte
[285, 327, 328].
Recently, vertically structured TiO2 nanoarrays which were grown in a
perpendicular direction to the working electrode have shown the best performance
due to the reduced trapping of photoinjected electrons along their path to the
electrode in dye-sensitized solar cells (DSSCs) [329, 330]. A maximum power
conversion efficiency of 6.9% was achieved with TiO2 nanotubes prepared by
anodization of Ti sheet [331]. However, this process is highly complicated and
therefore, it needs to be simplified to make it more practical for mass production. In
addition, the nanotube structure is not stable under the heat-treatment process, i.e,
nanowires are preferentially produced rather than nanotubes. Moreover, the low
surface area and inferior dye adsorption of the single-crystalline TiO2 1D
nanostructures (nanorods and nanowires) have prevented high efficiencies from
being achieved. For further improvement of the performance of DSSCs, novel 1D
TiO2 nanostructures need to be developed, which should combine the merits of both
fast electron pathways and high surface area for sufficient dye adsorption.
If optimization of favourable architectures is achieved through a simple method,
highly stabilized 1D TiO2 nanostructures will yield high surface area to absorb more
dye and also enhance light harvesting efficiency by scattering more light in the red
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part of the solar spectrum [332-334]. In order to fulfil this, 1D structured TiO2
nanofibres were prepared by using an electrospinning technique. Electrospinning is
known to be a simple and versatile method for obtaining fibre structures which are
long in length and uniform in diameter [335-337]. In this study, these nanofibres
were directly adopted as high-performance photoelectrode for dye-sensitized solar
cells.
4.2

Results and discussion
Figure 4-1 presents the XRD patterns of the TiO2 nanofibres obtained via

electrospinning then heated at different temperatures. This heating procedure is
employed to increase the degree of crystallinity of the nanofibres and to remove the
polymer binders. However, there is a contradiction during the heating procedure: a
higher temperature than 650 oC is desired to completely remove the polymer and
avoid the accumulation of carbon at the grainboundaries, but a lower temperature in
some cases is necessary to maintain the favoured anatase phase. To obtain the
optimal heating temperature for our TiO2 nanofibre treatment, the phase composition
of the nanostructures was examined for samples heated in a temperature range from
500-800 oC. As shown in the XRD patterns in Figure 4-1, almost no rutile phase can
be observed in the nanofibres calcined at temperatures below 700 oC.

Figure 4-1: XRD spectra of the TiO2 nanofibres produced at different sintering temperatures.

Figure 4-2 shows the variation in the rutile content, the full width at half
maximum (FWHM) values of the anatase (101) peak, and the grain size of the
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nanofibres as a function of heating temperature, based on the XRD patterns in Figure
4-1. Here the grain size was estimated from the anatase (101) peak FWHM by using
the Scherrer formula. It is well-known that anatase phase transforms to rutile phase
above 550 oC [168, 338]. Interestingly enough, our nanofibres were quite stable, as
can be seen in Figure 4-2 (a). That is, only anatase phase was present up to 650 oC. It
is reported that the thermodynamic properties of TiO2 nanostructured materials have
a strong relationship to the surface area or grain size [339]. For small TiO2
nanoparticles with grain size less than 50 nm, anatase is more stable and the anataserutile transition temperature is above 700 oC [340]. As shown in Figure 4-2 (c), the
crystalline sizes after calcination were smaller than 30 nm. The small grain size and
the resulting high surface energy ensure that the nanofibres are predominantly in
anatase phase, even calcined at 800 oC. The FWHM values of the anatase (101) peak
become narrower with increasing sintering temperature (Figure 4-2 (b)). This
behaviour of the nanofibres as a function of sintering temperature can be explained
by the improvement in crystallinity, resulting in increasing crystal size (Figure 4-2
(c)). Improvement of crystallinity is also associated with the connectivity between
TiO2 particles, because nanosized TiO2 nanoparticles are aggregated to form the
TiO2 nanofibres. Based on our experimental results, therefore, TiO2 nanofibres
prepared by the electrospinning process were sintered at 650oC for 3 h for testing in
DSSCs.
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Figure 4-2: (a) FWHM of the anatase (101) peak, (b) sub-grain size, (c) rutile content as a
function of sintering temperature.

For a better understanding on the microstructure of the electrospun nanofibres,
the configuration and crystalline structure of the as-prepared TiO2 nanofibres was
observed using TEM. Figure 4-3 presents TEM images of the TiO2 nanofibres from
low to high magnifications. Based on the statistical analysis of the nanofibres, as can
be seen in Figure 4-3 (a) and (b), the diameter and length of the TiO2 fibers were 300
nm and 10-20 µm, respectively. It has to be noted that there is a mesoporous
structure in the 1D nanofibres, which would be very useful in enhancing the
chemically active surface area (Figure 4-3 (c) and (d)). Using the Brunauer-EmmettTeller (BET) method, the specific surface area of sintered nanofibres was determined
to be 86 m2g-1, which is higher than the 50 m2g-1 of commercial P25 TiO2
nanopowders. In the application of these 1D nanofibres in DSSCs, the high specific
surface area can absorb more dye, which will lead to superior power cell efficiency.
From the viewpoint of electron transport, the interface between TiO2 particles is
crucial because it has a decisive influence on the electron mobility. For this purpose,
the 1D structure, i.e., the nanowire/nanofiber/nanotube structures, is preferred over
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the 0D structure, i.e., nanoparticles. In addition, fibres prepared by the
electrospinning method consist of well-crystallized and randomly-distributed single
phase, as shown in Figure 4-3 (e). The electron diffraction pattern in Figure 4-3 (f)
clearly confirms that there are no other phases except for anatase. Grain sizes as
determined from Figure 4-3 (e), around 10 nm, also confirmed the presence of small
crystallites in the nanofibres.

Figure 4-3: TEM images of the TiO2 nanofibres: (a), (b), (c) bright field image, (d) dark field
image, (e) high resolution image, and (f) ED pattern.

Figure 4-4 presents a SEM image of the cross-section of the solar cell containing
a dense layer of titanium dioxide as blocking layer and titanium nanofibres.
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Figure 4-4: SEM image of cross-section of titanium dioxide nanofibre solar cell.

The thickness of the blocking layer was measured using an atomic force
microscope (AFM). The measurement showed that the thickness of the blocking
layer is about 35 nm (Figure 4-5).
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Figure 4-5: AFM measurement of blocking layer thickness.

Figure 4-6 shows the UV-Vis spectrum of the mesoporous 1D TiO2 nanofibres
together with a spectrum for Degussa P25 nanoparticles as reference. The absorbance
onset of the nanofibres was around 400 nm, and the corresponding band-gap was
around 3.14 eV, which shows an obvious “red-shift” compared with P25
nanoparticles. The latter presented an onset absorbance of 370 nm and a band-gap of
3.22 eV. Based on previous reports on band-gap shifting, as the particle size gets
smaller, the band-gap will become wider [341]. However, in this study, even when a
sub-grain size on the order of 10 nm was determined, a narrow band-gap was still
observed. When we carefully checked the UV-Vis spectrum of the nanofibres in the
wavelength range of 320-360 nm, the curve was not as smooth as the one for P25,
which corresponds to the influence of the small particles that are observed in the
nanofibres. At the same time, owing to the scattering effect of the larger-scale
diameter and length of the fibres, which are around 300 nm and 10-20 µm,
respectively, the UV-Vis spectrum would be expected to show enhanced light
absorption in the visible light range. As a result of these two contrasting effects, the
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absorbance onset for the nanofibres shows a red-shift. It should be noted, however,
that this red-shifting is not a result of band-gap narrowing, but rather due to light
scattering. The light scattering in the visible range undoubtedly will increase the light
absorbance in the photoanode and thus enhance the device performance.
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Figure 4-6: UV-Vis spectra of nanofibres and P25 nanopowders.

Figure 4-7(b) shows the photocurrent density - voltage (J-V) curves of the cells
prepared with the anatase TiO2 nanofibres (NF-1) with a thickness of 10 µm. For
comparison, we also prepared a reference cell (P25-1) with a commercial P25 thin
film 10 µm in thickness. The summarized results on the short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (F), and power conversion efficiency (η),
are shown in Table 4-1. The open-circuit voltage (Voc) values were very similar
between the two samples: 0.62 V for P25-1 and 0.63 for NF-1. In contrast, the shortcircuit current (Jsc) of the cell prepared with the TiO2 nanofibre photoanode was
noticeably improved. This improvement in the short circuit current, in turn, resulted
in a dramatic enhancement in cell efficiency. Compared to the reference P25 cell,
which showed an efficiency of 3.57%, the solar cell with the nanofibre photoanode
presented an efficiency of 5.51%, which is a 54% enhancement. Undoubtedly, this
efficiency jump brought about by the application of nanofibres as the photoanode is
attributable to the increased available surface area (86 m2g-1) which permits the
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adsorption of larger amounts of dye molecules, as well as its light scattering effect
for visible light.
If we want to further improve the cell performance, we have to improve the open
circuit voltage (Voc) as well. Herein, we tried to increase the Voc by depositing a
blocking layer between the SnO2:F glass and the TiO2 photoelectrode, which will
inhibit the electronic recombination at the FTO surface (Figure 4-7 (a)). Moreover,
the inhibited electron recombination will also increase the short-circuit current. With
the compact blocking layer, the conversion cell efficiency (𝜂) of the cell (NF-2)
significantly increased from 5.51% to 6.64% (Figure 4-7 (b)), due to the increase in

Voc from 0.63 V to 0.69 V, and Jsc from 10.75 mA/cm2 to 15.80 mA/cm2. A similar
strategy was also applied to a P25 based solar cell (P25-2), where an improvement
from 3.57% to 4.08% in cell efficiency was observed. After employing the blocking
layer, the cell efficiency for a nanofibre based solar cell (NF-2) presents a 62%
enhancement over the one with a P25 based photoanode (P25-2). Accordingly, the
dense layer of TiO2 provides better coverage of, and improves the electron transfer
to, the substrate. The corresponding IPCE results (quantum efficiency) are also
shown in Figure 4-7 (c). The cell made from the nanofibres showed a stronger and
more even response in the wavelengths between 400 and 700 nm, compared to the
P25 nanopowders., No significant difference due to the presence of a blocking layer
could be determined, however, in the TiO2 nanofibre photoelectrode samples.
Therefore, based on the application of nanofibres as photoanode, the performance of
the solar cells shows a significantly improvement, more than a 60% increase
compared to the commercial Degussa P25 photoanode, due to the salient features of
the 1D nanofibre structure: a large surface area (86 m2g-1) and a significant light
scattering effect.
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Figure 4-7: (a) Schematic illustration of our DSSC structure, (b) J-V curve, and (c) IPCE spectra.
Table 4-1: Solar efficiency, open circuit voltage, short circuit current and fill factor of the
prepared samples.
Sample I-D

P25-1

P25-2

NF-1

NF-2

η [%]

3.57

4.08

5.51

6.64

Voc [V]

0.62

0.66

0.63

0.69

Jsc [mA·cm-2]

9.38

10.75

14.98

15.80

Fill Factor

0.608

0.57

0.58

0.609

To better understand the improved electron transfer properties of the cell,
electrochemical impedance spectroscopy (EIS) measurements of the cell under 1 sun
illumination were carried out at the open circuit voltage. The spectra are shown in
Figure 4-8 for the nanofibre cell (NF-2) and sample P25-2, both with the blocking
layer. Both cells show a typical double semicircle spectrum corresponding to high
frequency relaxation (which is due to the redox reaction at the charged counter
electrode), as well as low frequency relaxation (which is due to the
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injection/recombination reactions and electron diffusion in the photoanode). Due to
the low frequency characteristics of the diffusion coefficient, the electron transport
time can be calculated using 𝜏𝑑 = 1/(2𝜋𝑓𝑚𝑖𝑛 ) , where 𝑓𝑚𝑖𝑛 is the characteristic

frequency at the minimum EIS imaginary coordinate. In the case of the nanofibre

cell, the electron transport time was calculated to be 1.08 ms compared to the 1.43
ms which was estimated for the P25 sample. In addition, for the P25 sample, the
second semicircle has a large section at 𝜔𝑚𝑖𝑛 , from 𝜔𝑑 = 𝐷�𝑑 2 , where D is the

electron diffusion coefficient and d is the film thickness. Therefore, it can be

concluded that the diffusion coefficient of electrons in the P25 sample is lower than
in the nanofibre sample. The electron diffusion coefficient for the P25 was calculated
to be 2.97×10-5 cm2·s-1 compared to 3.94×10-5 cm2·s-1 for the nanofibres, which
implies faster charge transport within the nanofibres.

Figure 4-8: EIS spectra of the NF-2 and P25-2 samples.

4.3

Conclusion
We have successfully demonstrated that 1D TiO2 nanofibre based electrodes

provide a new and superior alternative to the conventional powder based electrodes
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in DSSCs. 1D TiO2 nanofibres were produced that displayed a high specific surface
area (86 m2g-1), which led to more dye loading and visible light scattering and
thereby, to superior conversion cell efficiency (5.51%). In addition, incorporation of
a blocking layer further increased conversion cell efficiency for the mesoporous 1D
TiO2 nanofibre photoanodes from 5.51% to 6.64% which corresponds to a 62%
improvement compared to cells with commericial Degussa P25 photoanodes. The
novel fabrication and application approaches utilised for these 1D TiO2 nanofibres
pave the way for improving the performance of TiO2 – based DSSC devices. In the
next chapter the effects of the phase structure on the photovoltaic performance are
investigated.

Acknowledgements
This work was supported by the Australian Research Council under a Discovery
Project (DP1096546). We are grateful to Mr. Ali Jalili at the Intelligent Polymer
Research Institute, Wollongong University, for his valuable discussions.

100

5 THE EFFECTS OF TITANIUM DIOXIDE BROOKITE PHASE ON THE
PERFORMANCE OF DYE-SENSITIZED SOLAR CELLS

5.1

Introduction

Interest in studying nanocrystalline titanium dioxide has grown considerably in
recent years on both the fundamental and the applied levels. Titanium dioxide has
been widely used for dye-sensitized solar cells due to its photocatalytic activity,
electronic properties, and environmental friendliness. It is well known that titanium
has three principal phases in nature, anatase (tetragonal, space group I41/amd), rutile
(tetragonal, space group P42/mmm), and brookite (orthorhombic, space group Pcab).
Among these possible structures, rutile is the stable phase, while anatase and
brookite are metastable at all temperatures and will be converted to rutile when
heated.
Since the TiO2 phase structure is one of the most critical parameters determining its
photocatalytic and electronic properties, many groups have attempted to understand
and control the anatase to rutile (A-R) transition. The A-R transition has been well
studied and proven to be dependent on the synthesis method [160]. The brookite
phase, which is a high pressure phase, however, has been largely ignored due to the
complicated parameters required to control it in the synthesis process. Recently,
nanosized brookite phase has been obtained with certain preparation techniques [160,
342]. Nevertheless, little information on the effects of brookite on the DSSC
efficiency may be found in the literature.
In this chapter, brookite phase titanium dioxide nanoparticles were synthesized
through a sol – gel method, and their performance in the photovoltaic application
was evaluated. TiO2 nanoparticles were obtained with both anatase and brookite
phases by controlling the colloidal conditions, i.e., the potential of hydrogen (pH)
and the hydrolysis rate. Certain experimental parameters were changed to test the
effects on the phase change and to optimise the experimental conditions. The first
part of this chapter focuses on the synthesis and characterisation of the brookite
phase titanium dioxide nanoparticles grown by the sol – gel process. The second part
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investigates the role of the brookite phase in the DSSC performance, comparing it
with powders containing anatase and rutile. In order to investigate the effects of the
phase on the cell performance, different powders with different contents of anatase,
rutile, and brookite were synthesized with almost the same particle sizes. Therefore,
the study could more clearly focus on the effects of the phase structure itself on the
DSSC performance.
5.2
5.2.1

Results and discussion
Synthesis and characterization of brookite phase

A set of experiments with varying pH and Ti/H2O parameters were conducted. The
influence of these experimental parameters on the properties, resultant phase obtained,
and particle size of the TiO2 samples is presented in Table 5-1.
As can be seen, the sample with the lowest water to isopropanol ratio (1:3) has the
highest amount of brookite phase compared to the 1:1 water to isopropanol ratio.
Also, the overall amount of brookite phase decreases with increasing pH. The pH
range of 1 to 3 was chosen because it is only in this range that a homogeneous
suspension of fine particles can be formed. Outside of this range, immediately after
hydrolysis, a white precipitate of particles is formed. Further reduction of the water to
isopropanol ratio causes the formation of rutile phase, as shown in Table 5-2. The
formation of rutile phase depends on the nucleation and growth processes. At high
water to isopropanol ratios, the condensation starts before the completion of
hydrolysis, and either amorphous or anatase phase is formed. The more strongly
acidic environment promotes the hydrolysis rate, which results in a decrease in the
condensation rate, and therefore, there is more time for the clusters to form the
brookite metastable phase. In the case of a lower hydrolysis rate, the more stable rutile
phase will be formed. So, it is very important to control the hydrolysis rate in order to
control the phase transfer rate. In this work, the hydrolysis rate has been controlled
through the pH and the water to isopropanol ratio. Using NH4OH, the effects of a
basic environment on the final product were studied. More strongly basic conditions
lead to greater repulsion between particles and promote the slower formation of
particles, which, in turn, provides enough reaction time for the formation of the stable
rutile phase.
102

Table 5-1: Brookite content and particle size of TiO2 samples synthesized with different water ratio in
the pH range of 1-3.
Sample

Water to

name

isopropanol,

Brookite (wt%)

Brookite particle

Anatase particle

size (nm)

size (nm)

pH
S1

1 : 3, pH1

25.6 ± 2.7%

5.4 ± 2.8

6.5 ± 1.1

S2

1 : 3, pH 2

20.4 ± 3.2%

6.7 ± 2.5

7.0 ± 0.9

S3

1 : 3, pH 3

11.8 ± 4.4%

12.4 ±1.2

9.4 ± 0.9

D1

1 : 1, pH 1

21.5 ± 3.1%

5.1 ± 2.6

6.2 ± 1.0

D2

1 : 1, pH 2

13.2 ± 2.6%

7.1 ± 1.8

7.4 ± 0.8

D3

1 : 1, pH 3

5.8 ± 1.9%

12.8 ± 1.5

12.3 ± 0.6

Table 5-2: Phase content of samples synthesized under different pH conditions.
Sample

Water to

name

isopropanol

N0

1:4

1

20

Anatase, rutile, brookite

N1

1:3

1

20

Anatase, brookite

N2

1:2

1

20

Anatase, brookite

N3

1:1

1

20

Anatase, brookite

N4

1:3

3

20

Anatase, brookite

N5

1:2

3

20

Anatase, brookite

N6

1:1

3

20

Anatase, brookite

N7

1:3

7

20

Anatase, rutile

N8

1:2

7

20

Anatase

N9

1:1

7

20

Anatase

N10

1:3

9

20

Anatase, rutile

N11

1:2

9

20

Anatase, rutile

N12

1:1

9

20

Anatase, rutile

pH

Reaction

Phase identified

time (hr)
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The phase structure of the particles was examined by X-ray diffraction, and the
crystallite size of the particles was determined from broadening of the peak via
Scherrer’s equation:
𝑑=

0.9 𝜆

(5-1)

𝛽 𝐶𝑜𝑠(𝜃)

Where d is the crystallite size,𝜃 is the diffraction angle, and 𝛽 is the full width at half

maximum of the main peak, which is (110) for anatase, (101) for rutile, and (121) for
brookite.
The phase content is calculated using the integrated intensities of anatase (101), rutile
(110), and brookite (121), represented by AA, AR, and AB respectively. The mass
fractions of rutile (WR), anatase (WA), and brookite (WB) were calculated from the
following equations, here KA and KB are coefficients with the values of 0.886 and
2.721, respectively [343, 344].
𝑊𝐴 =

𝑊𝑅 =
𝑊𝐴 =

𝐾𝐴 𝐴𝐴

(5-2)

𝐴𝑅

(5-3)

𝐾𝐵 𝐴𝐵

(5-4)

𝐾𝐴 𝐴𝐴 + 𝐴𝑅 + 𝐾𝐵 𝐴𝐵
𝐾𝐴 𝐴𝐴 + 𝐴𝑅 + 𝐾𝐵 𝐴𝐵
𝐾𝐴 𝐴𝐴 + 𝐴𝑅 + 𝐾𝐵 𝐴𝐵

Figure 5-1 Shows XRD patterns of the powders obtained after heat treatment at
450oC, 500oC, and 550oC for three hours under air atmosphere for sample S1. The
first two samples were identified as a mixture of anatase and brookite while the last
sample (550oC) was identified to be a mixture of anatase, brookite and rutile. The
average crystallite size of the mixture for all the samples was calculated to be in the
range of 10-20 nm from the XRD pattern. The appearance of the brookite phase was
further confirmed by the analysis of Raman spectra. Based on the thermogravimetric
analysis (TGA) on dried S1 precursor powder, the weight is fixed after 400 oC, while
up to this point, there is around 15% weight loss, which corresponds to the loss of
absorbed water and removal of the hydroxyl groups and organic residuals, as shown
in Figure 5-2.
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Figure 5-1: XRD spectra of the heat-treated samples.

Figure 5-2: TGA curve of the S1 sample.
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Based on their level of heat treatment, the samples are organized into Table 6-3. As
can be seen from the table, heat treatment of the S1 sample up to 450oC doesn’t
change the brookite to rutile phase, while over 500 oC, rutile phase starts to form, and
the surface area is reduced. The T2 sample was chosen as the optimum preparation,
giving the highest surface area (105 m2/gr) and greatest brookite content (26%).
Table 5-3: Heat-treatments of the S1 sample and the corresponding phase change.
Sample

Sintering

name

temperature

Phase composition (%)
A

B

Surface area
R

(m2/gr)

o

( C)
T1

400

85

15

-

105

T2

450

74

26

-

105

T3

500

73

20

7

88

T4

550

70

14

16

76

T5

600

66

10

24

64

T6

700

59

-

41

37

Figure 5-3 shows Raman spectra of the powders heat-treated at 450oC, 500oC, and
550oC of S1 sample. The Raman spectrum of anatase has been investigated and shows
six bands at 144, 197, 399, 513, 519, and 639 cm-1. The characteristic bands for
brookite are reported at 128, 135, 153, 172, 195, 214, 247, 288, 322, 366, 396, 412,
454, 461, 562, 545, 585, and 636 cm-1. The existence of brookite phase in Figure 5-1
is evidenced from the Raman spectra, which show relatively stronger intensities at
216, 245, 320, 364, and 449 cm-1.
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Figure 5-3: Raman spectra of the S1 sample heat treated at different temperatures.

We adjusted pH to 1 to stabilize the solution. The hydrolysis and polycondenstaion
reaction in sol – gel systems of titanium alkoxides are considerably affected by the pH
and the amount of water. Here, the pH concentration was controlled by the addition of
HCl and NH4OH. The hydrolysis rate was adjusted by changing the water to
isopropanol ratio. At a high water to isopropanol ratio, hydrolysis of titanium alkoxide
is very fast, and therefore, nucleation and growth are completed much faster
compared to a lower water to isopropanol ratio. Under neutral and basic conditions,
condensation starts before the completion of hydrolysis, and the formation of an
ordered structure is hindered, so that the dried gel is amorphous. An acidic
environment with high water concentration, however, leads to greater repulsion
between particles and accelerates the hydrolysis rate, resulting in a decreased
condensation rate, as mentioned above. Figure 5-3 shows the effects of sintering time
on the brookite content and the particle sizes for the S1 sample. As can be seen, the
brookite content starts to decrease after 2 hours sintering and, in addition, the particle
sizes for both anatase and brookite increases with increased sintering time. As a result
of these observations, it was decided to use a 2 hour sintering time for our subsequent
samples and preparations.

107

Figure 5-4: Influence of sintering time on (a) brookite content, and (b) particle size as functions of the
sintering time.

The corresponding TEM images are shown in Figure 5-5. Here, S1 sample TiO2
nanoparticles are sintered at 450 oC for 2 hours. Figure 5-5 (a) shows a bright field
image, show that the particles are in the range of 10-20 nm in diameter. The dark
field images in Figure 5 (b) and (c) confirmed that the two phases are also of 10-20
nm size and very likely to be in separate particles. The Brookite phase particles are
homogeneously distributed in the Anatase particles. Figure 5 (d) contains the
electron diffraction pattern which, confirms that the two phases are of very fine sizes
and well crystallized in anatase and brookite phases. The high resolution image in
Figure 5 (e) confirms the two phase types, and and the two phases are formed in
individual particles. Two overlapping particles can be seen and one (labelled as 1) is
of anatase phase and the other (labelled as 2) is of brookite phase. The fast Fourier
transform (FFT) analysis corresponding to the two selected particles in figure 5 (e)
confirms that the particles are crystallised in the anatase and brookite phases,
respectively.
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Figure 5-5: TEM images of S1 sample TiO2 sintered at 450oC for 2h: (a) bright field image, (b) and (c)
dark field image, (d) electron diffraction pattern, (e) magnified image, (f) and (g) FFT analysis of areas
1 and 2 in (f), respectively.
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5.2.2

Photovoltaic study of brookite phase

The photovoltaic performance of the TiO2 brookite phase was investigated using the
S1 sample sintered at 450 oC, 500 oC and 550 oC for 2 hours. These samples were
chosen based on Table 5-3. The sample sintered at 450 oC contains both anatase and
brookite phase, but with the highest amount of brookite phase among the other
samples. The samples sintered at 500 oC and 550 oC both contain anatase, brookite,
and rutile phases, with the 550 oC samples having the higher amount of rutile phase.

Figure 5-6: (a) I-V characteristics and (b) IPCE of the samples heated at 450 oC, 500 oC, and 550 oC.

Figure 5-6 (a) shows the I-V curve of the samples heated at 450 oC, 500 oC, and 550
o

C. The table in the figure summarises the corresponding efficiency (𝜂), open circuit

voltage (Voc), short circuit current (Isc), and fill factor. As can be seen, the sample
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with higher brookite phase content (heated at 450 oC) shows the best efficiency
(6.8%) with the highest amount of short circuit current (15.74 mA·cm-2) and highest
fill factor (0.63) compared to the two other samples. It is interesting that among the
two other samples (heated at 500 oC and 550 oC), the one with the higher amount of
rutile phase shows higher efficiency (6.39%), short circuit current (14.83 mA·cm-2)
and fill factor (0.62).
The presented results clearly show an effect of the phase structure on the
photovoltaic performance, as the morphology and particle sizes are almost the same
for all the samples, with particle sizes in the range of 10 – 20 nm. Therefore, the
differences in the solar cell efficiency seen among these samples are based on the
phase structure that is present. Due to better electrical conductivity, the anatase phase
is more suitable for DSSC applications. It has been shown, however, that the
combination of 20 – 30 % rutile structure with anatase can improve the efficiency of
the DSSC [312]. This is also shown in Figure 5-7 which shows the results for the S1
sample sintered at higher temperature to achieve different percentages of anatase and
rutile phases. The results show that the 25% mixture of rutile phase with anatase
yields the best results for DSSC efficiency. With the sol – gel process we could
achieve 25 – 28 % brookite phase, but due to the high pressure characteristics of the
brookite phase, obtaining higher percentages with the sol – gel process is not
possible. It has shown, however, that the use of 25% brookite mixed with the anatase
phase produces a greater improvement in DSSC efficiency compared to the same
percentage of rutile phase mixed with anatase. It is expected that a further increase in
the amount of brookite phase would result in a further increase in the efficiency, as it
is a transitional phase between the anatase phase and the rutile phase which has the
characteristics of both.
The corresponding IPCE results (quantum efficiency) are also shown in Figure 5-6
(b) for the samples heat-treated at 450 oC and 550 oC. The cell with the highest
brookite content shows a stronger response in the wavelengths between 400 and 700
nm, compared to the sample with higher rutile content. This further confirms that the
performance of the solar cells with higher brookite content shows significant
enhancement, 77% compared to the 60% with corresponding rutile content.
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Figure 5-7: Efficiency, short circuit current, open circuit voltage and fill factor of the DSSC with
different amount of rutile content.

Furthermore, the photoelectric performance was investigated using electrochemical
impedance spectroscopy (EIS). From the spectra shown in Figure 5-8, the impedance
is smaller for the sample with the brookite content compared to the sample with the
rutile content, which results in superior photocurrent and photovoltage performance.
High semiconductor charge transfer related to the large semicircles in the Nyquist
plots is observed for the DSSC with the rutile content. So, the performance of the
TiO2 electrode prepared with rutile content is lower than for the sample with the
brookite content. This analysis is also supported well by the results of the I–V and
IPCE curves for the samples with brookite and rutile phase.
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Figure 5-8: EIS curves for the samples with brookite content (450 ºC) and rutile content (550 ºC).

The electron transport time (𝜏𝑑 ) was calculated using the EIS results and the

following equation [345, 346]:
𝜏𝑑 = 1/(2𝜋𝑓𝑚𝑖𝑛 )

(5-5)

Where 𝑓𝑚𝑖𝑛 is the characteristic frequency at the minimum of the EIS imaginary or
the radial frequency at the maximum of the semicircle shown in Figure 5-8. The

electron transport times for the samples sintered at 450 ºC, 500 ºC, and 550 ºC are
shown in Figure 5-9(a). As can be seen, the electron transport time has increased
from 1.11 ms for the sample sintered at 450 ºC to 1.68 ms for the sample sintered at
500 ºC, and then again decreased to 1.46 ms for the sample sintered at 550 ºC. In
other words, the sample with anatase/brookite phase structure shows better electrical
properties than the sample with pure anatase or anatase/rutile phase structure.
In addition, the electron diffusion coefficient (𝐷𝑛 ) can also be calculated from the

following equation [346]:
𝐷𝑛 = 𝑑2 /(2.35𝜏𝑑 )

(5-6)

Where d is the thickness of the photoelectrode. The calculated 𝐷𝑛 values for the three

samples sintered at 450 ºC, 500 ºC, and 550 ºC were found to be 3.83×10-5, 2.53×10-5
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and 2.91×10-5 cm2·s-1 respectively. This shows that the charge transport within the
anatase/brookite phase structure is faster than in the pure anatase or anatase/rutile
phase structure (Figure 5-9 (b)).

Figure 5-9: (a) Electron transport time, (b) electron diffusion coefficient for sintered samples at 450
ºC, 500 ºC, and 550 ºC.

5.3

Conclusions

By controlling the synthesis parameters in the sol-gel routine, nanopowders with
desired combinations of brookite, anatase and rutile phase were achieved. The phases
in the powders were verified by XRD and Raman spectroscopy, and the particle
morphologies were confirmed by SEM and TEM. A sintering temperature of 450 oC
was chosen as the most suitable condition for the powder calcination process. The
optimised sample with the highest amount of brookite (26% brookite + 74% anatase)
was compared with the other combination of phases and especially with the 26%
rutile + 74% anatase sample, and the 26% brookite sample showed the highest
efficiency compared to pure anatase phase. The results on the solar efficiency, IPCE,
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and EIS all supported the improvement in performance of the 26% brookite phase
compared to the sample with 26% rutile content. The EIS results show that the
electron transport time and the electron diffusion coefficient have improved from
1.46 ms to 1.11 ms and 2.91×10-5 cm2·s-1 to 3.83×10-5 cm2·s-1 in the anatase/brookite
sample compared to anatase/rutile sample.
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6 HYDROTHERMAL SYNTHESIS OF 1D STRUCTURE TITANIUM
DIOXIDE NANOPARTICLES FOR DSSC APPLICATION

6.1

Introduction

As mentioned in the previous chapters, Titanium dioxide (TiO2) has been famous as
one of the most promising semiconductor materials for photovoltaic, photocatalytic,
and sensing applications, outstanding to its wide band-gap, environmental
friendliness, and cost-effectiveness [185, 338, 347-350]. It is well known that the
morphology of semiconducting materials has a significant affect on the performance
of of TiO2-based devices by affecting not only the electronic structure, but also the
shape and size of the TiO2 [185, 348-350]. That is why in this work we used
hydrothermal method to obtain different 1D structures and 3D dendritic TiO2
nanostructures such as nanorods, nanowires and nanoribbons. These structures can
provide faster electron diffusion which is necessary for superior DSSCs
performances. As we discussed in chapter 4, the structures of the TiO2 can
significantly help the electrons to pass through nanofibres compared to the
nanopowders. Here in, we show that 1D vertical structures such as nanorods and
nanowires can easily pass along the electrons to the transparent conducting oxide
(TCO) electrode. However, the low surface area and inferior dye adsorption of the
NRODs have prevented high efficiencies from being achieved. For further
improvement of the performance of DSSCs, novel aligned 1D TiO2 nanostructures
need to be developed, which should combine the merits of both fast electron
pathways and high surface area for sufficient dye adsorption. Moreover, though rutile
TiO2 is the thermodynamically most stable form, anatase is the preferred structure in
DSSCs, because it has a larger band-gap and higher conduction band edge energy.
These lead to a higher Fermi level and higher open circuit voltage (Voc) in DSSCs for
the same conduction band electron concentration [277]. In addition, the stability of
rutile phase of TiO2 can be benefitial with a suitable band structure modification of
TiO2 [324, 338].
1D nanostructures show improved reaction/interaction activity because of
quantum size effects and the strong contribution of surface reconstruction and
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surface curvature, which thus make the system more effective and even allow for
entirely novel reaction pathways [332, 351-358]. However, the crystal structure and
symmetry of both anatase and rutile TiO2 make the growth of oriented anisotropic
single-crystalline TiO2 arrays very difficult [358]. In particular, the synthesis of 1D
TiO2 nanostructures with controllable morphology is extremely hard to achieve. To
date, only a few studies have reported the heterogeneous growth of oriented singlecrystalline TiO2 NRODs or NWs [324, 357-365].
In this study, therefore, we utilise hydrothermal method to control the growth of
oriented 1D single-crystalline TiO2 nanostructure arrays with continually tunable
morphologies. By adjusting the hydrolysis rate of the Ti-containing precursor,
oriented 1D TiO2 arrays in forms that vary from NRODs to nanoribbons (NRIBs),
and then NWs have been successfully synthesized. Different morphology could
influence the electronic structure and surface chemical activity of the 1D
nanostructure arrays, such as band structure, specific surface area, charge transport
and recombination, etc. The morphology-induced band structure shift would give
rutile TiO2 a comparable electronic structure to that of anatase phase, and thus endow
it with an enhanced electrochemical performance. Via this investigation, it is
expected to achieve an insight into nano-architecture design of new morphologies,
and to provide a new way to improve the chemical activity of rutile TiO2 by
modulating its band structure [324].

6.2
6.2.1

Results and discussion
3D dendritic nanostructures

In this work, the TiO2 nanostructures were synthesized using a facile hydrothermal
method. In the first stage, an aqueous titanium isopropoxide (TTIP) solution was
prepared by mixing TTIP, hydrochloric acid, and cetyltrimethylammonium bromide
(CTAB) in distilled water. The aqueous solution was then transferred to an autoclave
with an appropriate amount of ethylene glycol (EG), and in some cases, urea was
added. The ratios of aqueous TTIP solution to EG (TTIPaq:EG = 1:0, 1:1, 1:2, 1:3)
were adjusted to control the hydrolysis rate of precursors and the aggregation
structure of the surfactant. Urea was added to adjust the pH value of the reaction
solution. The summary of the samples synthesized under different conditions are
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presented in Table 6-1. The 3D nanostructures fabricated in this study are of great
interest due to not only their unique structural characteristics but also their
remarkable electrical, chemical, and optical properties [338].
The scanning electron microscopy (SEM) images of the 3D dendritic TiO2
nanostructures obtained under different synthesis conditions is shown in Figure 6-1.
First, Figure 6- 1 (a–c) shows the morphology of 3D TiO2 dendrites obtained from a
fully aqueous solution with a composition of 100H2O:7HCl:0.03CTAB:0.05–
0.01TTIP as reference samples (TTIPaq:EG = 1:0, corresponding to samples 1–3
in Table 6-1). With a decreasing molar ratio of TTIP precursor in aqueous solution,
the diameter of the microspheres obviously decreased from 10 μm (0.05 mol of
TTIP, Figure 6-1 (a)) to 2.5 μm (0.03 mol of TTIP, Figure 6-1 (b)) and then 1.8 μm
(0.01 mol of TTIP, Figure 6-1 (c)). However, the TiO2 nanostructures synthesized in
the fully aqueous solution were not homogeneous and intact, and the reproducibility
was not very good. Specifically, crack propagations can be easily observed on the
surfaces of these microspheres, and thereby, most of the microspheres break into
individual nanorods (Figure 6-1 (a)) [338].
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Figure 6-1: SEM images of 3D dendritic TiO2 nanostructures: (a–c) 3D TiO2 microspheres with
nanorod building units obtained from aqueous TTIP solutions (TTIPaq) having the composition of (a)
100H2O:7HCl:0.03CTAB:0.05TTIP (sample 1), (b) 100H2O:7HCl:0.03CTAB:0.03TTIP (sample 2),
and (c) 100H2O:7HCl:0.03CTAB:0.01TTIP (sample 3). (d–f) 3D TiO2 microspheres with nanoribbon
building

units

obtained

from

mixed

solutions

of

aqueous

TTIP

solution

(100H2O:7HCl:0.03CTAB:0.05TTIP) and EG: (d) TTIPaq:EG = 1:1 (sample 4), (e) TTIPaq:EG = 1:2
(sample 5), and (f) TTIPaq:EG = 1:3 (sample 6). (g–i) 3D TiO2 microspheres with nanowire building
units

obtained

from

mixed

solutions

consisting

of

aqueous

TTIP

solution

(100H2O:7HCl:0.03CTAB:0.05TTIP) and EG, as well as 5 mmol of urea: (g) TTIPaq:EG = 1:1
(sample 7), (h) TTIPaq:EG = 1:2 (sample 8), and (i) TTIPaq:EG = 1:3 (sample 9) [338].
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Table 6-1: Compositions of the solutions for hydrothermal reaction and the TiO2 nanostructure
products synthesized under different conditions [338].

At the second stage, the composition of the aqueous TTIP solution was fixed at
100H2O:7HCl:0.03CTAB:0.05TTIP, and the volume ratios of aqueous TTIP solution
to EG were adjusted to 1:1, 1:2, and 1:3. With increasing EG content in the
TTIPaq+EG mixed solution, 3D dendritic TiO2 nanostructures with fine nanoribbon
building units were obtained (Figure 6-1 (d–f)). When TTIPaq:EG = 1:1, the diameter
of the dendritic microspheres was around 3.8 μm (Figure 6-1 (d)), and their
constituent nanostructures were in the form of sharp nanoribbons 10–20 nm in width.
On further increasing the proportion of EG in TTIPaq:EG to 1:2 and 1:3, the particle
size decreased to around 1.5 μm, as shown in Figure 6-1 (e) and (f). Generally, the
nanostructures prepared with the addition of EG had a more homogenously
distributed particle size and more uniform shapes than those synthesized in the fully
aqueous solutions. Moreover, the synthesis of these monodisperse 3D TiO2 dendrites
features a good reproducibility [324, 338].
120

In order to further modify the morphology, 5 mmol of urea was added into the
TTIPaq+EG mixed solutions that had the same compositions as those for preparing
samples 4–6 (urea-added samples are samples 7–9 in Table 6-1). Very interestingly,
the constituent nano-units of the 3D TiO2 dendritic microspheres were changed from
nanoribbons to nanowires by the introduction of urea. It is worth noting that the
generated nanowires have uniform diameters along their lengths. The effects of the
TTIP concentrations in the starting solution on the morphology of the 3D TiO2
dendritic nanostructures were also considered. It was found that the TTIP
concentration in the aqueous solution had a negligible influence on the morphology
of the obtained TiO2 nanostructures, except for the diameters of the microspheres.
The rutile phase purity and crystal structure of the obtained samples were examined
by X-ray diffraction (XRD) and Raman spectroscopy [338].

6.2.2

1D TiO2 nanostructures

The hydrothermal method is used to grow the oriented 1D TiO2 nanostructure arrays
with controlled morphology on the fluorine-doped tin oxide (SnO2:F, FTO)
transparent glass substrates, as illustrated in Figure 6-2. In the synthesis, an aqueous
titanium tetraisopropoxide (TTIP) solution (TTIPaq) was prepared by mixing TTIP,
hydrochloric acid (HCl), and cetyltrimethyl ammonium bromide (CTAB) in deionized water in the desired ratio. In some cases, urea was added into the aqueous
solution to adjust the pH value. Then, the aqueous TTIP solution was mixed with
ethylene glycol (EG) and transferred into autoclaves with cleaned FTO substrates for
hydrothermal treatment. When the FTO substrates were immersed in the reaction
solutions, titanium hydrates formed by TTIP hydrolysis would condense on the FTO
surface, and small TiO2 growth centres or seeds were created during the initial
hydrothermal process (Figure 6-2 (a)). Depending on the growth conditions, three
types of 1D TiO2 nanostructures were obtained. When the reaction solution was the
aqueous TTIP solution (TTIPaq), the orientated 1D TiO2 nanostructures had the
typical morphology of rectangular NRODs, as shown in Figure 6-2 (b). The scanning
electron microscope (SEM) image (Figure 6-2 (c)) reveals that the entire surface of
the FTO was covered very uniformly with TiO2 NRODs. With EG added into the
aqueous TTIP solution as a non-aqueous co-solvent (Figure 6-2 (d)), the 1D
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TiO2 nanostructure grew in the form of NRIBs, as can be seen in Figure 6-2 (e) and
(f). When the reaction solution was further modified by the addition of urea (Figure
6-2 (g)), the morphology of the oriented 1D TiO2 nanostructures was changed to the
form of NWs (Figure 6-2 (h) and (i)). The synthesis details can also be found in the
experimental section [324].

Figure 6-2: Schematic drawing and SEM images of oriented 1D TiO2 nanostructure arrays synthesized
under different conditions, where the morphology of 1D TiO2 nanostructures changes from the form
of (b–c) NRODs to (d–f) NRIBs, and then to (g–i) NWs. The scale bar in the images is 200 nm [324].

In the present study, the key innovations in morphology control which is achieved
though the addition of EG and/or urea for tuning the hydrolysis rate of TTIP during
the hydrothermal process. The processes for the formation of different structures are
as follows: First, 1D TiO2 NROD arrays were prepared from the aqueous TTIP
solution (TTIPaq) as references (Figure 6-2 (c)). The synthesis of rutile TiO2 NROD
arrays accounts for the largest portion in all reports on 1D TiO2 nanostructure arrays
[324, 359-363, 365]. The NRODs obtained by wet-chemical approaches are usually
in the form of rectangular bars with smooth side walls, but uneven top ends with step
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edges. This kind of morphology is very typical of rutile TiO2 NRODs obtained from
aqueous solution by hydrothermal growth [358, 363, 364]. The tetragonal shape of
the rutile NRODs with their step-like square top facet is considered to have resulted
from the growth habit of the tetragonal crystal structure. As pointed out by Liu et al.,
the uneven steps on the top surface indicate that the growth of NRODs proceeds by
addition of titanium growth units (e.g., [Ti(OH)2Cl2(OH)2]) at the step edges
[358]. Hosono et al. reported the growth of rectangular rutile NRODs with similar
morphology on a borosilicate glass substrate in solutions containing 10 M NaCl, but
they proposed that the addition of NaCl was the key factor for the growth of NROD
morphology [363]. In the present study, the growth of TiO2 NRODs was carried out
in aqueous solution with the addition of CTAB surfactant. It is believed that the
surfactant is helpful for the aligned growth of TiO2 NRODs. However, according to
the previous study carried out by Liu et al., the addition of some common surfactants
including EDA, EDTA, SDS, CTAB and PVP had little effect on the morphology of
TiO2 nanorods [358]. Therefore, the NROD morphology that formed in the aqueous
solution is most likely due to the rapid hydrolysis of polymer TiO2 precursor in
water, which can provide sufficient titanium hydrate for rapid crystal growth.
Therefore, owing to the fast hydrolysis rate of TTIP in aqueous solution during the
hydrothermal synthesis, the TiO2 nanocrystals grow rapidly and finally result in the
observed shape of rectangular NRODs [324].
Second, the synthesis of 1D TiO2 nanostructure arrays in the form of NRIBs was
carried out from a mixed reaction solution of TTIPaq and EG, which is expected to
retard the hydrolysis of TTIP during the hydrothermal process. The volume ratios of
TTIPaq to EG for the study were 2 : 1, 1 : 1, and 1 : 2, respectively. As shown
in Figure 6-2 (e) and (f), the morphology of the 1D nanostructures that were prepared
from the TTIPaq and EG mixed solution were in the shape of NRIBs, which are a
much finer structure than NRODs. It is clearly demonstrated that the addition of EG
significantly changes the morphology of the 1D TiO2 nanostructures. Compared to
the aqueous TTIP solution for NROD preparation, the concentration of TTIP in the
mixed solution was only half as great. The nanostructures obtained from the aqueous
solution with half the TTIP concentration still remained in the form of NRODs,
except for having a larger size and a shorter length. It is concluded that the changed
morphology of the 1D nanostructures is attributable to the addition of EG, not the
123

dilution of the TTIP precursor concentration. The volume ratios of TTIPaq to EG in
the reaction solutions show less influence on the morphology of NRIBs. When the
nanostructures were synthesized from the solution with TTIPaq : EG = 2 : 1 the
nanostructures were mainly in the shape of fine NRIBs 20–40 nm in width, but a few
nanostructures having shapes very close to NRODs can be observed. The
nanostructure obtained in this solution thus can be treated as a transitional
morphology between NRODs and NRIBs, while the 1D nanostructures prepared
from the solution with TTIPaq : EG = 1 : 1 were totally in the form of grass-like
NRIBs. The nanostructures synthesized from the solution with TTIPaq : EG = 1 : 2
were also in the form of grass-like NRIBs, but the NRIBs were bigger than those
obtained from TTIPaq : EG = 1 : 1. It has been reported that a biphasic solution with
long chain alcohol and acidic CTAB water phase was used for the synthesis of
mesostructured SiO2 fibers, since the long chain alcohol can dissolve tetraethyl
orthosilicate (TEOS) and separate it from the water phase to reduce the hydrolysis
and condensation rates of TEOS [366, 367]. Thus, there is evidence that the 1D
TiO2 NRIBs can be synthesized from the water and EG mixed solution, due to its
slowing of the hydrolysis rate for TTIP [324].
Third, oriented 1D TiO2 NW arrays were obtained from the solution with the
addition of not only EG, but also 5 mmol urea. Figure 6-2 (h) present the
morphology of the nanostructure obtained from the mixed solution with TTIPaq : EG
= 1 : 1 combined with 5 mmol urea, wherein the nanostructures had sharp tips like
NWs, but were shaped like ribbons at the bottoms, which might be the transitional
state between NRIBs and NWs. Figure 6-2 (i) display the morphology of 1D
TiO2 arrays hydrothermally synthesized from the solution of TTIPaq : EG = 1 : 2
combined with 5 mmol urea addition. The thin film prepared under these conditions
consisted entirely of homogenous NWs with a diameter around 4 nm, by measuring
the individual nanowires from the SEM and TEM images. It is well known that the
growth of 1D oxide NWs demands a much slower hydrolysis rate of the precursors
than that for other 1D nanostructures [368-370]. Urea is a very weak Brønsted base
and highly soluble in water. Its controlled hydrolysis in aqueous solutions can yield
ammonium cyanate and gradually, homogenously release OH− at temperatures
higher than 85 °C [371, 372]. As a consequence of the addition of slow-release urea,
the pH value of the mixed reaction solution would increase. Although bases have
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been demonstrated to speed up the condensation reaction, the hydrolysis of TTIP is
slowed with increasing basicity, which then results in the growth of TiO2 NWs [324,
371, 372].
Therefore, during the hydrothermal synthesis, the hydrolysis rate of the TTIP
precursor could be adjusted by changing the composition of the reaction solution,
and oriented 1D TiO2 nanostructure arrays with a continually adjustable morphology
were successfully obtained. The morphology of the 1D TiO2 nanostructures varied
from NRODs (TTIPaq), to transitional morphology between the NRODs and NRIBs
(TTIPaq : EG = 2 : 1), to NRIBs (TTIPaq : EG = 1 : 1 and 1 : 2), and to transitional
morphology between the NRIBs and NWs (TTIPaq : EG = 1 : 1 with 5 mmol urea),
and then to NWs (TTIPaq : EG = 1 : 2 with 5 mmol urea), with decreasing hydrolysis
rate of Ti-containing precursor. This demonstrates the validity of our concept for the
morphological control of 1D TiO2 nanostructures by tuning the hydrolysis of
precursors [324].
The X-ray diffraction (XRD) patterns of the obtained 1D TiO2 nanostructure
arrays demonstrated that these nanostructures were fully crystallized into rutile
phase, and no secondary phase was detectable.
It is very clear from the above experiments that the morphology of the aligned
rutile TiO2 1D nanostructures can be tailored by controlling the hydrolysis rate of the
polymer precursors. To the best of the authors' knowledge, this is the first systematic
work on controlling the morphology of 1D TiO2 nanostructures based on the
understanding of the crystal growth mechanism in wet-chemical processing. We
therefore argue that our strategic approaches to synthesize 1D TiO2 nanostructure
arrays with continuously controllable morphology have numerous benefits in terms
of reproducibility, manufacturability, and cost-effectiveness. To explore the
possibilities of the oriented 1D TiO2 nanostructure arrays with continuously
controllable

morphology

in

photochemical

applications,

the

photovoltaic

performance of the oriented 1D TiO2 nanostructure arrays with different
morphologies were studied, and the influences of the morphology on the device
performance were also investigated [324].
For comparison of the photovoltaic performance of 1D TiO2 nanostructures with
different morphologies, the thickness of the oriented arrays was kept at around 1 μm.
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Here,

we

tested

the

photovoltaic

performance

of

the

oriented

1D

TiO2 nanostructure arrays in dye-sensitized solar cells. FTO substrates covered
with

1 μm long oriented 1D TiO2 nanostructure arrays were converted to

photoanodes for DSSCs by immersion overnight in a 0.5 mM solution of
commercially available N719 dye (Sigma-Aldrich). A conductive glass substrate
coated with Pt was used as the counter-electrode. The performances of the assembled
1D nanostructure array solar cells were measured under air mass (AM) 1.5 simulated
sunlight with a power density of 100 mW cm−2 [324].
The measured results on the 1D nanostructure array solar cells, including the
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (F), and
energy conversion efficiency (η), are summarized in Table 6-2. Figure 6-3 shows the
typical photocurrent density–photovoltage (J–V) curves (Figure 6-3 (a)) and the
external quantum efficiencies in the 400–800 nm wavelength range (Figure 6-3 (b))
of the solar cells made from the oriented 1D TiO2 arrays with different
morphologies. It is clear that the shape and size of the nanostructures had significant
influences on the photovoltaic performance. Under the illumination of AM 1.5
simulated sunlight, the NROD cell exhibited a short circuit current of 1.63 mA cm−2,
an open circuit voltage of 0.58 V, and a fill factor of 0.58. The overall conversion
efficiency was found to be 0.8%. The external quantum efficiency was

10% at the

peak of dye absorption, around 530 nm for N719 dye. At the same time, not only
the Jsc, Voc, and F, but also the conversion efficiency η of the NRIB and NW solar
cells were much higher than those of the NROD solar cells. In particular, the NRIB
array cells showed the best performance. The fill factor of the NRIB photoanode was
0.63, and the efficiency was 2.1%, more than two times higher than that of the
NROD array cell. The peak external quantum efficiency of the NRIB cell at 530 nm
was around 25% [324].
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Figure 6-3: (a) Photocurrent–photovoltage characteristics and (b) incident photon to current efficiency
(IPCE) of DSCs with photoanodes assembled from oriented 1D TiO2 nanostructure arrays [324].

Table 6-2: Photovoltaic performances of the dye-sensitized solar cells with photoanodes made from
oriented 1D TiO2 nanostructure arrays having different morphologies [324].

Morphology
Nanorod
Nanowire
Nanoribbon

V oc (V)
0.57
0.68
0.63

J sc (mA cm−2)
1.63
4.09
5.35

F
0.58
0.56
0.63

η (%)
0.8
1.6
2.1

The superior performance of the NRIB solar cells may be the result of the structural
features of NRIBs. Firstly, the UV-Vis spectrum of NRIB arrays demonstrated that
they also have as strong a scattering effect in the visible light range as that of NROD
arrays, because the width of NRIBs is large enough for light scattering. Secondly, the
oriented NRIB arrays possess higher surface area for sufficient dye loading than the
NROD arrays, due to the much thinner nanostructure thickness. Thirdly, the NRIBs
show the presence of abundant sharp edges and tips in their structure, which are the
active sites for electrochemical reaction and dye adsorption [373]. Finally and most
importantly, the rutile NRIBs have a comparable band-gap and conduction band edge
height to those of the chemically active anatase phase. As mentioned above, the band
structures of rutile NWs and NRIBs were modified by the change in morphology.
According to the heights of conduction band edge, the Voc of the corresponding
DSCs should be in the order of VNROD > VNRIB > VNW, which coincided well with our
measured open voltages. Therefore, the morphology of the oriented 1D NRIB arrays,
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which possess not only fruitful chemically active sharp edges/tips, but also an
improved band-gap and conduction band edge, can give rise to higher
electrochemical activity and a higher Fermi level of the semiconductor, and thereby,
better performance of devices [324].
6.3

Conclusions

In conclusion, 3D dendritic structures and oriented 1D rutile TiO2 nanostructure
arrays with continually adjustable morphologies were successfully fabricated by
surfactant assisted hydrothermal method. Different structures such as NRODs,
NRIBs, and NWs were achieved through a controlled growth procedure on the FTO
substrates. The main parameter that was used to control the procedure was the
hydrolysis rate of titanium precursor which determines the crystal growth behaviour.
The results showed that the slower the hydrolysis rate, the finer the 1D nanostructure
is. This finding has paved the way towards nano-architectures with controlled
morphologies based on a good understanding of the crystal growth mechanism. It is
expected to discover some other new TiO2 nanostructures on the basis of the
proposed method. The obtained nanostructures were tested for the solar efficiency in
which NRIB showed the highest conversion efficiency. This family of wellcontrolled oriented TiO2 1D nanostructure arrays is also highly likely to be used in
other fields, in superior sensors, field emission devices, photocatalysis, etc.
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7 INFLUENCE OF N-DOPED DOUBLE LAYER ELECTRODE ON THE
IMPROVEMENT OF DYE-SENSITIZED SOLAR CELL (DSSC)
PERFORMANCE, BASED ON EIS STUDY

7.1

Introduction

The nano-structured TiO2 based dye sensitized solar cell has been receiving a great
deal of attention as a possible candidate for converting solar energy into electricity
on a large scale [39, 56-58, 94]. Recently, considerable efforts have been devoted to
synthesizing titanium dioxide doped with nitrogen in order to increase its
photocatalytic activity [256, 374, 375]. By doping titanium dioxide with nitrogen
many researchers have attempted to extend its absorption range from the ultraviolet
(UV) and into the visible light region [245, 316, 376]. More specifically, it has been
shown that N doping can considerably affect the visible light absorption of anatase
TiO2 [375]. This has been achieved by the use of a number of different methods,
such as hydrolytic [377], mechanochemical [378], solvothermal and hydrothermal
methods [219, 245], high temperature treatment [249], and sol – gel processes [374,
379]. In the present research, we prepared N-doped TiO2 utilising the sol – gel
method as a simple, cheap and low temperature alternative. Although it is hard to
control the parameters with this method, the particle sizes were successfully
controlled using the results and experience of the techniques covered in the fourth
chapter. This approach involves the hydrolysis of a titanium precursor in the
presence of a nitrogen precursor such as ammonium hydroxide or organic amines.
In this work, through the sol – gel method, N-doped TiO2 nanoparticles were
successfully obtained by controlling the nitrogen doping levels. The particle size was
regulated by controlling the experimental conditions such as the hydrolysis rate and
potential of hydrolysis (pH). In order to investigate the effects of the N-doping on the
photovoltaic performance of the TiO2, electrochemical impedance spectroscopy was
used to determine the electron transport time and diffusion coefficient.
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7.2

Results and discussion

The crystal structure of the synthesized N-doped TiO2 was studied by X-ray
diffraction (XRD), as shown in Figure 7-1. The peak at about 25º indicates that the
crystal phase of the prepared N-doped TiO2 was anatase and no rutile phase was
detected after sintering 500 ºC. The crystallite size of the N-doped TiO2 particles was
determined to be around 10 nm using the Scherrer formula.

Figure 7-1: XRD spectra of the N-doped TiO2 and pure TiO2.

Thermogravimetric analysis (TGA) was used to analyse the weight loss of the
obtained powder, and the results are shown in Figure 7-2. The results show that there
is around 15% weight loss up to 400 ºC, which is mostly due to the loss of physically
adsorbed water or solvent on the surfaces of the nanoparticles. Between 400 ºC and
500 ºC, there is a further 2 % weight loss of the N-doped TiO2 which is due to
crystallisation of the particles. As a result, an annealing temperature of 500 ºC was
chosen as the standard treatment for drying and crystallising the powders.
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Figure 7-2: TGA results for the N-doped synthesized powder.

The presence of nitrogen in the synthesized powder was confirmed by X-ray
photoelectron spectroscopy (XPS) measurements. Figure 7-3 shows the N 1s XPS
spectra of N-doped TiO2 annealed at 500 ºC. A broad peak between 396 and 401 eV
was observed for the N 1s, which is consistent with the reported results for N-doped
TiO2 [374, 377]. This broad peak is the resultant of two other peaks at around 399
and 401 eV related to nitrogen binding in O – Ti – N [245, 374] and interstitial Ndoping forming Ti – O – N [374, 376]. Most of the N species in the N-doped TiO2
lattice are in the form of nitrides (O – Ti – N linkage) corresponding to the binding
energy of 399.4 eV, whereas only a small amount of nitrogen is present in the form
of surface absorbed nitrogen (Ti – O – N linkage), with the binding energy around
399 eV [376].
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Figure 7-3: XPS spectrum of N 1s peak of N-doped TiO2 sintered at 500 ºC.

Figure 7-4 shows the SEM image of the surface of the N-doped TiO2 film deposited
onto FTO glass. The particle sizes are in the range of 10 – 15 nm. The N-doped TiO2
shows a high Brunauer-Emmet-Teller (BET) surface area of 84 m2/g due to its
nanostructured characteristics.

Figure 7-4: SEM image of N-doped TiO2 particles after application to surface of FTO glass.
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It can be seen from Figure 7-5 that the visible light absorption is extended up to 500
nm for N-doped TiO2 compared to the pure TiO2 which could only absorb light in the
UV range. The band-gap can be calculated using the following equation [39, 380]:
𝐸𝑔 = 1239.8/𝜆

Where 𝐸𝑔 is the band-gap (eV) and 𝜆 is the wavelength (nm) of the absorption edges

in the spectrum as identified from Figure 7-5. These are for pure anatase TiO2 and Ndoped TiO2. The calculated band-gap was found to be 3.07 eV and 2.54 eV for pure
anatase TiO2 and N-doped TiO2 respectively. This confirms that the substitution of N
for O in the anatase TiO2 crystal would result in band gap narrowing driven by
mixing of N 2p states with O 2p states [381, 382].

Intensity / a.u.
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300
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600

700

800

900

Wavelength / nm
Figure 7-5: UV – Vis spectra of the pure anatase TiO2 and N-doped TiO2.

Figure 7-6 shows the photocurrent density – voltage (J-V) curves of the cells
prepared from pure anatase TiO2 and N-doped TiO2 with a thickness of 10 µm. The
summarised results on the short-circuit current density (Jsc), open-circuit voltage
(Voc), fill factor (F), and power conversion efficiency (η) are also tabulated in Figure
7-6. The open-circuit voltage (Voc) values were very similar between the two
samples: 0.68 V for N-doped TiO2 and 0.73 V for pure TiO2 with an error of 0.02 V.
The reason for the lower open circuit voltage also lies in the fact that the conduction
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band edge for the N-doped TiO2 is lower than for the pure TiO2. In contrast, the
short-circuit current (Jsc) of the cell prepared from the N-doped TiO2 photoanode was
noticeably increased. The improvement in the short circuit current in turn resulted in
a higher driving force energy for injecting electrons from the lowest unoccupied
molecular orbital (LUMO) of the dye to the conduction band of the TiO2. This
clearly shows that there is an optimum point for reducing the conduction band of the
TiO2 as this also reduces the open circuit voltage. Compared to the pure TiO2
reference cell, which showed an efficiency of 6.54%, the solar cell with the N-doped
TiO2 photoanode displayed an efficiency of 6.80%, which is a 4% enhancement.
Although the improvement is not large, we have shown a simple method to
successfully produce N-doped TiO2 through a sol – gel process which also improves
the photocurrent and the solar cell efficiency.

Figure 7-6: J-V curve for pure anatase TiO2 and N-doped TiO2.
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Figure 7-7: IPCE spectra of pure anatase TiO2 and N-doped TiO2.

The corresponding IPCE (quantum efficiency) results are also shown in Figure 7-7.
The cell made from the N-doped TiO2 showed a stronger response in the
wavelengths between 400 and 700 nm, compared to pure TiO2 nanopowders. The
performance of the corresponding solar cells also showed an enhancement of 10%,
from 65% for pure TiO2 to around 75% for N-doped TiO2.
To better understand the improved electron injection properties of the N-doped TiO2
cell, electrochemical impedance spectroscopy (EIS) measurements of the pure
anatase TiO2 and N-doped TiO2 cells under 1 sun illumination were carried out at the
open circuit voltage. Both samples show the two typical semicircles corresponding to
the high frequency and low frequency relaxation. The electron diffusion coefficient
(𝐷𝑛 ) and the injection/recombination corresponding to the low frequency relaxation

can be found using the following equations [346]:
𝜏𝑑 = 1/(2𝜋𝑓𝑚𝑖𝑛 )

𝐷𝑛 = 𝑑2 /(2.35𝜏𝑑 )

(7-1)
(7-2)

Where 𝜏𝑑 is the electron transport time, d is the photoanode thickness, and 𝑓𝑚𝑖𝑛 is
the characteristic frequency at the minimum of the EIS imaginary component. The
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electron transport time is 1.24 ms for N-doped TiO2 as compared to 1.64 ms for pure
anatase TiO2. Consequently, the electron diffusion coefficient for the N-doped TiO2
reduced from 2.59×10-5 cm2·s-1 to 2.48×10-5 cm2·s-1, which means that charge
transport within the N-doped TiO2 film is faster than in the pure anatase TiO2 film.
This is a further confirmation that the charge collection efficiency can be improved
by nitrogen doping of TiO2 nanoparticles.

Figure 7-8: Nyquist plots of the pure anatase and N-doped TiO2 samples.

7.3

Conclusions

In summary, nitrogen doped titanium dioxide nanoparticles with particle sizes of 10
– 15 nm were successfully prepared through a sol – gel method. The presence of
nitrogen and phase structure was confirmed by the XPS and XRD. The effect of
nitrogen doping on the photovoltaic performance was also investigated. Ultravioletvisible (UV – Vis) studies show that the light absorption has extended up to 500 nm,
which is an indication of a lower band-gap in N-doped TiO2. The photovoltaic test
results also showed that solar cell performance was improved form 6.54% to 6.8%
for nitrogen doped sample compared to the pure sample. This was further confirmed
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by the results from EIS, giving evidence of improved electron transport efficiency
and electron diffusion coefficients for N-doped samples.
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CONCLUSIONS
In this work, we explored methods of modifying the nanoscopic configurations
of TiO2 powerders through two hydrolysis methods and investigated the mechanisms
of how different phase and morphology configurations influence the performance of
DSSC cells. In the first study by the sol-gel method, stability of the aqueous colloidal
solution was predicted by determining the magnitude of the zeta potential.
Aggregation of TiO2 did not occur in the pH range of 2-3. The colloidal solution
became unstable, however, above pH 4. Eventually, highly acidic conditions led to
finer TiO2. It is noteworthy that the specific surface area and the particle size
strongly depend on the pH of the aqueous colloidal solution. The hydrolysis rate,
which is controlled by the water/TIP ratio, is the main influence on the phase. 𝜂 of

4.24 %, Voc of 0.68 V, Jsc of 8.78 mA·cm-2, and FF of 0.65 were obtained by using

the well-dispersed anatase TiO2 with particles 10-20 nm in size. The stable sol
solution was used to deposit a thin layer of the TiO2 as the blocking layer to improve
the efficiency to 6.54%. Also, by controlling the reaction parameters, TiO2 particles
100-200 nm in size were synthesized through the sol – gel method for the scattering
layer. By applying the scattering layer, the efficiency was enhanced to 7.15%.
We successfully demonstrated that 1D TiO2 nanofibers as electrodes could
provide a new alternative to the conventional electrodes (powders) in DSSCs. The
1D TiO2 nanofibres were obtained with a high specific surface area (86 m2g-1), which
led to more dye loading and visible light scattering, and thereby, to superior
conversion cell efficiency (5.51%). In addition, cells with a blocking layer, which
were obtained by using mesoporous 1D TiO2 nanofibre photoanodes, showed further
enhanced conversion cell efficiency, from 5.51% to 6.64%. This performance
corresponds to a 62% enhancement over the cell with commercial Degussa P25
photoanode. The novel 1D TiO2 nanofibre fabrication and its application will pave
the way to improved TiO2-based devices.
The effects of phase structure on the performance of DSSCs were investigated
by controlling the phase transfer rate through the sol – gel method. TiO2
nanoparticles with the desired combinations of brookite, anatase, and rutile phases
were achieved. The important point is that the particles were synthesized with the
same particle sizes, but different phase structures. Therefore, it was possible to focus
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on the effects of phase structure rather than particle size and morphology on the
photovoltaic performance without confounding factors. The optimised sample with
the highest amount of brookite (26%) was compared with the other combinations of
phases and especially with the 26% rutile phase content, as it had shown the highest
efficiency compared to pure anatase phase. The results of the solar efficiency tests,
IPCE, and EIS all supported the improving effect of 26% brookite phase compared to
26% rutile content.
The hydrothermal method was also used to synthesize one-dimensional rutile
TiO2 nanostructure arrays with continually adjustable morphologies. Controlled
growth of the well-defined nanostructures on the FTO substrates, namely, nanorods
(NRODs), nanoribbons (NRIBs), and nanowires (NWs), was achieved, based on the
concept that the hydrolysis rate of the titanium polymer precursor determines the
crystal growth behaviour. The NRIB arrays possess fruitful chemically active sharp
edges/tips and good light scattering in the visible light range, but also show an
improved band-gap and conduction band edge height, thus presenting the best
photon-to-energy conversion efficiency compared with the other morphologies.
Chemically modified TiO2, in the form of nitrogen doped titanium dioxide
nanoparticles, was synthesized with particle sizes around 10 -15 nm and crystallised
in the anatase phase structure. The effects of nitrogen doping on the photovoltaic
performance were investigated. The UV – Vis studies showed that the light
absorption was extended up to 500 nm, which is an indication of a lower band-gap.
The photovoltaic test results showed that solar cell performance had improved from
6.54% to 6.8% for the nitrogen doped sample compared to the pure sample. This was
confirmed by the results of the EIS, giving evidence of improved electron transport
time and an improved electron diffusion coefficient.
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